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ABSTRACT
IDENTIFYING SOURCES OF RESISTANCE AND FUNGICIDE EFFICACY
AGAINST FUNGI CAUSING PHOMOPSIS STEM CANKER IN SUNFLOWER
RENAN GUIDINI
2022
Phomopsis stem canker is a major threat to sunflower (Helianthus annuus L.)
production worldwide and its prevalence has increased from 1.5% in 2001 to 61.0% in
2015 in the sunflower producing U.S. states of Colorado, Kansas, Minnesota, Nebraska,
North Dakota, South Dakota, and Texas. The disease causes early senescence and lodging
of sunflower plants resulting in yield losses up to 40% and oil content up to 25%. Several
species of Diaporthe have been reported to cause Phomopsis stem canker. In the United
States, Diaporthe helianthi Munyt.-Cvetk. et al. and D. gulyae Shivas et al., have been
reported as predominant causal agents of Phomopsis stem canker in the sunflower
producing areas of Minnesota, Nebraska, North Dakota, and South Dakota, where more
than 80% of sunflower production takes place in the nation. Currently, there are sunflower
commercial hybrids with partial resistance and foliar fungicides available to manage
Phomopsis stem canker in the United States. However, there is limited information on their
efficacy against the fungi causing Phomopsis stem canker. The objectives of this study
were to (1) screen cultivated sunflower accessions for resistance to Diaporthe gulyae at
vegetative and reproductive growth stages (2) perform genome-wide association mapping
to identify the resistance loci in sunflower associated with Diaporthe helianthi and
Diaporthe gulyae (3) evaluate fungicides efficacy against fungi causing Phomopsis stem
canker.
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For the first objective, to determine if the sunflower growth stage affects the
Phomopsis stem canker severity associated with D. gulyae, a total of 143 accessions
screened for resistance to the fungus at V4 to V6 (four to six true leaves) and R4 to R6
(beginning of inflorescence to completion of flowering) using the mycelium contact
inoculation method in the greenhouse. Disease severity was assessed 14 days postinoculation using a 0-to-5 rating scale, where 0 = no stem discoloration and 5 = lodged or
dead plants and non-parametric statistics was used to determine the relative treatment effect
(RTE) associated with disease severity. Twenty-seven, three, and two accessions had
significantly lower relative treatment effect at V4 to V6 (ATS=17.06, df=1.43, p=1.86x106),

R4 to R6 (ATS=2.4, df=1.82, p=0.0095), and both growth stages compared to the

susceptible check ‘HA 288’ based on 95% confidence intervals.
For the second objective, disease phenotyping was conducted in the greenhouse
using a diverse panel of 213 USDA cultivated sunflower accessions and one susceptible
check (PI 552934). At four to six true leaves growth stages, six plants per accession were
inoculated with a single isolate of D. helianthi or D. gulyae using the mycelium-contact
inoculation method. Disease severity was assessed 15 days (D. gulyae) and 30 days (D.
helianthi) post-inoculation using a 0 to 5 rating scale and non-parametric statistics was
used to determine the RTE associated with disease severity. Out of 213 accessions, 39 were
significant less susceptible to D. gulyae when compared to the susceptible check.
Genome-wide association study identified 20 common loci associated with resistance to
D. gulyae and D. helianthi as well as a total of 17 candidate genes associated with plant
defense responses such as lectin receptor kinases.
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For the third objective, to evaluate the efficacy of foliar fungicides, a field
experiment was carried out in 2019, 2020, and 2021, in Brookings, SD. Fourteen fungicides
belonging to three FRAC (Fungicide Resistance Committee Action) groups: FRAC 3 DMI
(DeMethylation Inhibitors), FRAC 7 (Succinate DeHydrogenase Inhibitors), and FRAC 11
(Quinone Outside Inhibitors) were sprayed at R1 (miniature floral head formation) growth
stage of sunflower development. Significant differences in disease severity index (DSI)
and yield were observed among treatments in 2019 and the treatment containing
Mefentrifluconazole + Pyraclostrobin significantly reduced DSI by 26.88% and had a
significant yield increase of 430.4 kg/ha greater than nontreated control, resulting in 372.97
kg/ha ($156.64/ha) for oil type and 384.7 kg/ha ($188.5/ha) for non-oil type profit using
the oil type sunflower ($0.42/kg) and non-oil ($0.49/kg) prices in 2019. However, in 2020
and 2021, no significant differences were observed on yield, and there was a significant
difference on DSI in 2021.
Overall, the findings from this study provide information on parental materials with
resistance to D. helianthi and D. gulyae, which will facilitate marker-assisted selection in
future breeding and development of varieties and hybrids for resistance to the causal fungi.
In addition, the information on foliar fungicides will help farmers to manage Phomopsis
stem canker in sunflower.
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CHAPTER 1. Literature Review of Sunflower (Helianthus annuus L.) and Phomopsis
Stem Canker
Sunflower production
Cultivated sunflower (Helianthus annuus L.) is one of the few row crops native to
North America and was used by Native Americans before the establishment of corn
cultivation in the United States (Berglund 2007). The Spanish explorers collected
sunflower seeds in North America and introduced the crop to Spain as a common garden
flower in 1580. The crop developed and became popular in Europe and Russia, followed
by a reintroduction to North America as an oilseed crop in 1966 (Putt 1997).
Sunflower belongs to the genus Helianthus and the family Compositae
(Asteraceae). The sunflower plants have a single strong unbranched stem ranging from 1
to 10 cm in diameter and height from 50 to 500 cm tall (Seiler 1997). The size of the plants
will depend on the sowing time, location, and hybrid characteristics. In the United States,
the common varieties range from 160 to 180 cm in height (Skoric 1998). Initially, the plant
root is greater than stem development. When the plant is ~25 to 30 cm tall, the taproot is ~
40 to 50 cm deep (Warmington 1981). Leaves first grow in pairs opposite each other along
the stem, then begin to alternate up the stem, ultimately forming 20 to 40 leaves per plant
(Schneiter and Miller 1981). The sunflower head consist of two types of flowers: the ray
flowers (yellow ray petals) and the disc flowers. The ray flowers are important to attract
bees and other insects. They are sterile and typically formed in two rows ranging from 30
to 70 ray flowers (petals) per head. The disc flowers are responsible for seed formation,
and they start developing from outside to the center of the head to form concentric rings.
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Each head can range from 800 to 3000 disc flowers distributed in 30 to 50 concentric rows
(Pustovoit 1975).
Currently, sunflower hybrids are classified as oilseed type and confection (or nonoilseed) type. Oilseed type seeds are usually black and small, with a thin hull that adheres
to the kernel. Oilseed type can vary in three fatty acid components including linoleic, midoleic (NunSun) or high oleic. Oilseed sunflower is primarily grown for oil extraction and
contain 38 to 50 percent oil and approximately 20 percent protein. Confection type seeds
are striped and larger than oilseeds, consisting of a thick hull attached to the kernel. They
have a lower oil percentage than oilseeds and are mainly consumed as snack foods and
birdseeds mixtures (Berglund 2007).
Sunflower is a major source of vegetable oil. Sunflower oil takes fourth place in
the world in terms of oil production, after palm (Elaeis gyineensis Jacq.), soybean (Glycine
max [L.] Merr.) and rapeseed (Brassica napus L.). The top sunflower producing countries
are Ukraine, Russia, European Union and Argentina, followed by China, Turkey and the
United States (USDA-NASS 2021).
In the United States, South Dakota has the highest production of sunflower. The
total sunflower production in the country was 1.9 billion pounds in 2021, produced in South
Dakota, North Dakota, Minnesota, California, Colorado, Kansas, Nebraska and Texas. Of
the total production, about 80% is oilseed and 20% non-oilseed sunflower (USDA-NASS
2021).
Growth Stages Description
Sunflowers are adaptable to a wide variety of soil and climate. However, the crop
requires specific soil and environmental specifications for maximum yield potential. The
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favorable temperature for crop development ranges between 25°C and 28°C. The time
taken for a sunflower plant to develop through several growth stages is affected by planting
time, temperature, photoperiod, soil and genetic background. The accumulation of growing
degree days (GDD) or day degrees (DD) is used to estimate phenological changes in crop
development. Sunflower completes around 2000 growing degree days and or 120 to 150
days from planting to maturity growth stage. The growth stages of sunflower development
are described in Table 1.1 (Schneiter and Miller 1981).
Table 1.1. Description of sunflower growth stages (Scheneiter and Miller 1981).
Growth stages
VE
(Vegetative
Emergence)
V (Vegetative Stages)
(i.e.) V-1, V-2, V-3,
etc.
R
(Reproductive
Stages)-1
R-2
R-3
R-4
R-5
(i.e.) R-5.1, R-5.2,
R-5.3, etc.
R-6
R-7
R-8
R-9

Description
Seedling has first leaf beyond the cotyledons smaller than 4
cm long.
Vegetative stages are determined by counting the number of
true leaves greater than 4 cm in length. Cotyledons and lower
dead leaves are excluded.
First reproductive stage is determined when the terminal bud
forms a miniature floral head rather than a cluster of leaves.
The terminal immature bud elongates from 0.5 to 2.0 cm
above the closest leaf attached to the stem.
The terminal immature bud elongates more than 10 cm above
the closest leaf attached to the stem.
Begin of inflorescence.
The initial flowering stages. It is divided into sub-stages based
on the percent of the head area (disk flowers).
E.g. R-5.3 (30%), R-5.8 (80%), etc.
Flowering stage is complete and the ray flowers (petals) start
wilting.
The back of the head has started to turn a pale-yellow color.
The back of the head is yellow and plant remains green.
Physiological maturity. The bracts become yellow and brown.
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Soil Types and Fertility
Sunflower adapts well to a wide variety of soil conditions. However, it performs
best when grown on fertile, well-drained, high water-holding capacity soils with neutral
pH in range of 6.5 to 7.5 (Franzen 2007). The root system of sunflower plants can reach
four feet deep, which may help to absorb nutrients (Berglund 2007). The crop requires a
minimum of 16 nutrient elements for growth. Few are obtained from the air and water such
as oxygen, hydrogen, and carbon. Other main nutrients are extracted from the soil including
nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, manganese, zinc, copper,
and molybdenum. However, few of these are often deficient in soils, particularly in highrainfall areas. Soil sampling and testing are recommended to determine the soil fertility
and nutrient deficiency before making fertilizer recommendations (Franzen 2007).
Tillage
Tillage practices are traditionally performed in the United States for sunflower crop
to prepare the soil, control weeds and incorporate herbicides before the planting. There are
different tillage systems that can be utilized for each field purpose. Conventional till is
indicated to incorporate previous crops residues, weed control and herbicides. Minimumtill is recommended for herbicide application as it acquires subsurface implements
including undercutter or harrow systems. No till system is indicated for fields with good
crop rotation and pre and postemergence herbicides management (Ashley and Tanaka
2007).
Crop Rotation
Adopting an appropriate crop rotation of a minimum four years with other crops
can maintain the soil heath for successful sunflower production. Minimal crop rotation
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practices can result in disease and insect buildup population, increase populations of weeds,
and volunteer sunflowers. Small grains and corn (Zea mays L.) are commonly rotated with
sunflower (Grady 2000).
Sowing Date and Depth
Sunflower planting date can vary according to the climate conditions of each year.
The optimum soil temperature for planting should be close to 10C. Planting at
temperatures below 10C can delay germination, facilitate development of seedling disease
and resulting in population reduction. In the Northern Great Plains, planting is
recommended from early May until late June. Early planting often results in greater yield
and oil content, and less postharvest cost to the growers. In case of late planting or
replanting, early maturity hybrids are recommended (Ashley and Tanaka 2007). The proper
planting depth range from 3.8 to 6.5 cm, more than 19.3 cm deep is not recommended due
to the soil crusting in some soils (Grady 2000).
Row Spacing and Plant Population
Sunflower can grow well in a wide range of row spacing when planted to the
recommended population. Row spacing is generally decided by the implements by farmers
available at their farm. The crop can perform well at row spacing between 30 cm and 1 m,
where the optimum has been reported between 50 and 76 cm (Grady 2000). The plant
population will vary accordingly to the hybrid type. Oilseed hybrid population should range
from 37,000 to 60,000 plants per hectare and confection type should be between 37,000
and 50,000 plants per hectare (Ashley and Tanaka 2007).
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Harvesting
The sunflower harvest time can vary accordingly with hybrid genetic and
environmental conditions. The proper way to identify harvest time is through the
physiological growth stage of the plants and seed moisture. Sunflower plants are mature
when the backside of the head is yellow and bracts are turning brown. The indicated seed
moisture should be at 25% to avoid yield losses from birds or seeds shattering during the
harvest. After harvesting, seeds need to be dried to 9.5% moisture or lower for storage. In
the Northern Great Plains, sunflowers reach maturity around late September to early
October, completing approximately 120 days from planting date (Grady 2000).
Common Pests in Sunflower
Sunflower production can be affected by diseases, insects, weeds, and birds in
South Dakota (Grady 2000).
There are several insect pests that cause yield losses in the major sunflower
producing areas of the Northern Great Plains and the infestation level can vary year to year.
In the Northern Great Plains, few common insect pests are sunflower beetle (Zygogramma
exclamationis Fabricius), sunflower stem weevil (Cylindrocopturus adspersus LeConte),
red seed weevil (Smicronyx fulvus LeConte), banded sunflower moth (Cochylus hospes
Walsingham) and sunflower midge (Contarinia schulzi Gagne). Integrated pest
management practices including crop rotation, beneficial insects, resistant or tolerant
varieties, and chemical control should help reduce the insect population and the economic
damage (Olson 2017).
Many species of birds can damage sunflower production when plants reach
physiologic maturity. Significant yield losses have been reported from migrating flocks of
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red-winged black birds (Agelalus phoeniceus), yellow-headed blackbirds (Xanthocephalus
xanthocephalus) and common grackles (Quiscalus quiscula). These birds tend to attack
fields close to cattail marshes, where they feed on other crops and weed seed until the
sunflower seeds reach maturity. Some measures to control blackbirds are moving the birds
away using cultural practices in combination with scare tactics (Grady 2000).
Weeds can cause yield reductions on sunflower production when not managed at
early growth stage of sunflower development. Sunflowers are cultivated at low population
and take longer to cover the ground, causing soil exposure and weed establishment. The
most impactful weeds in the Northern Great Plains include kochia (Kochia scoparia L.),
redroot pigweed (Amaranthus retroflexus L.), Canada thistle (Cirsium arvense L.),
common lambsquarters (Chanopodium album L.) and wild buckwheat (Polygonum
convolvuluv L.) (Kandel 2012). Weeds can be managed before planting with tillage or
herbicides application, and after planting a rotary hoe or harrow can control the weeds
(Grady 2000).
Diseases are a major concern to sunflower production, and they cause significant
yield losses. Surveys conducted by the National Sunflower Association in the United States
from 2002 to 2015 evaluated the prevalence and incidence of 10 diseases. The five most
prevalent diseases surveyed in Colorado, Kansas, Minnesota, Nebraska, North Dakota,
South Dakota, Texas, and during 2002 to 2015 were Downy mildew (Plasmopara halstedii
(Farl.) Berl. & de Toni), Phomopsis stem canker (Diaporthe spp.), Rhizopus head rot
(Rhizopus spp.), rust (Puccinia helianthi Schwein.), and Sclerotinia head rot (Sclerotinia
sclerotiorum (Lib.) de Bary) (Gulya et al. 2019). Sunflower diseases are managed by use
of integrated pest management (IPM) strategies, which include a combination of cultural
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practices, genetic resistance, and chemical control (Knodel and Charlet 2007). Research
shows the most economic and effective method to manage sunflower diseases is by
planting disease-resistant or disease-tolerant hybrids when available. Crop rotation of at
least four years may reduce inoculum level of plant pathogens in the soil. The practice of
tillage can bury crop residue or accelerate the residue composition where fungi overwinter
and weed management. Chemical control using foliar fungicides and seed treatment may
be effective for some diseases (Bradley et al. 2007).
Phomopsis stem canker
Introduction
Phomopsis stem canker was first reported in 1980 causing significant yield losses
on sunflower (Helianthus annuus L.) in the Former Yugoslavia region (MuntañolaCvetkovic et al. 1985). The disease became a threat worldwide to the sunflower production
causing yield reduction up to 50% and 15% of oil content (Acimovic et al. 1986; Masiveric
and Gulya 1992). After the first report, the disease continued to be reported in Europe,
Australia and Argentina (Mancebo et al. 2019; Mathew et al. 2018; Thompson et al. 2011).
In the United States, the disease occurred first in Ohio in 1980 (Herr et al. 1983), however,
the identity of the causal agent was first confirmed in Texas in 1982 (Yang et al. 1984).
According to the disease in sunflower survey conducted in United States and
Europe from 2002 to 2015 by the National Sunflower Association (NSA), Phomopsis stem
canker was considered a major disease of sunflower in Europe until 2009 and a minor
importance in the United States. However, after the disease epidemic in 2010 affecting
South Dakota, North Dakota, and Minnesota, where around 75% of the U.S. sunflower
production takes place in the country, the prevalence of Phomopsis stem canker increased
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in Colorado, Kansas, Minnesota, Nebraska, North Dakota, Texas, and South Dakota from
25% in (2002 to 2008) to 56% in (2009-2015) (Gulya et al. 2019).
Diaporthe helianthi (syn. Phomopsis helianthi) (Muntañola-Cvetkovic et al. 1985)
was the first fungus described as the causal agent of Phomopsis stem canker in former
Yugoslavia region and in Texas the disease causing stem rot on sunflower plants was first
reported as Diaporthe stem canker (Yang et al. 1984). Previously, Diaporthe was called
Phomopsis, which is the anamorphs of Diaporthe (Ascomycota, Diaporthales, Valsaceae)
(Sacc. & Roum. In Saccardo 1884). Species of Diaporthe occur on a wide range of host
plants and many species were named based on the host (Uecker 1988). For a long time, D.
helianthi was the only fungus known to cause Phomopsis stem canker until the disease
epidemics occurred in Australia and the United States in 2009 and 2010 (Mathew et al.
2015, Thompson et al. 2011). At the time of epidemics, sunflower stalks were collected,
causal fungi were recovered, and morphology and DNA sequence analyses were performed
to study the causal agents of Phomopsis stem canker. New species of Diaporthe were
identified causing the disease and these include Diaporthe gulyae (Shivas, Thompson, and
Young) in the United States (Mathew et al. 2015) as well as D. gulyae, D. kongii (Shivas,
Thompson, and Young) and D. kochmanii (Shivas, Thompson, and Young) [syn.
Diaporthe sojae Lehman] in Australia. As of 2002, at least twenty species of Diaporthe
have been reported causing Phomopsis stem canker on sunflower worldwide (Thompson
et al. 2018, Olson et al. 2017, and Mathew et al. 2015).
Symptoms
The first visual symptoms of Phomopsis stem canker are typically seen on the lower
leaves of sunflower plants during the vegetative growth stage. Usually, stem symptoms are
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seen around thirty days after leaves symptoms under favorable conditions. Early symptoms
seen on lower leaves are described as brown irregularly shaped spots growing from the
margin to the center of the leaf becoming large necrotic patches affecting the veins until
the leaf dies prematurely. While the leaf dies, the infection progress down to the petiole
becoming dark brown in color and reaches the stem causing a light-to-dark brown necrotic
lesion at the node of the plant, which may expend up to 20 cm long until it girdles the stem.
The fungus affects the internal part of the stem by pith degradation resulting in hollow
stems and lodging (Mathew et al. 2018).
Disease Cycle
It takes approximately 20 to 25 days to observe stem lesions on the plants, which
are characteristic of Phomopsis stem canker. The disease is believed to have only one cycle
per season due to the time from infection to pycnidial production. The disease cycle starts
with ascospores production by the causal fungi and spore release from perithecia maturing
on crop debris where the pathogen overwinters (Figure 1.1). Ascospores are released and
are carried by wind or splashed by rain plant-to-plant. These spores infect the margins of
the leaves via guttation droplets and the infection more likely to occur on the bottom leaves
within the crop canopy, where the relative humidity can be greater than 90% for 36 h. Once
the leaves are infected, the infection progresses through the veins down the petiole until it
affects the stem. Leaves and petioles will become necrotic and die. However, the infection
continues developing into the stem and an elongated tan-brown lesion is formed. Hyphae
is formed that move through the vascular system spreading via the collenchyma and cortex.
The fungal hyphae cover the cortex producing pycnidial and affect the xylem and phloem
tissues resulting in yield losses from plant wilting or lodging (Mathew et al. 2018).
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Figure 1.1. Phomopsis stem canker cycle on sunflower plants (Mathew et al. 2018).
Disease Management
Diaporthe species overwinters on crop residue and heavy tillage burying the
infected debris might reduce the inoculum level. However, the pathogen can survive up to
five years as perithecia or mycelium on crop debris. Crop rotation of two to four years with
non-hosts (e.g., corn) might reduce the inoculum source. Diaporthe species are known to
be seed-borne pathogens. Using clean seed could help to manage the disease. However,
there is limited information about the pathogen transmission via seeds. Plant density and
nitrogen fertilization management have effect on Phomopsis stem canker. According to
Debeake and Moinard (2010), lower plant density and lower nitrogen levels can reduce the
disease incidence. Weed management is important because weeds such as wild sunflowers
(Helianthus annuus), soybean (Glycine max L.) and corn can be the alternate host for
Diaporthe species and they can serve the inoculum reservoirs (Mathew et al. 2018).
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Chemical control using foliar fungicides application have been tested in Europe and
in the United States. As examples, Debaeke et al. (2003) reported the use of protectant
fungicides sprayed at R1 (miniature floral head formation) growth stage reduces the
Phomopsis stem canker severity. However, in the United States, preliminary studies by S.
Markell and R. Harveson (unpublished) tested fungicides label for Phomopsis stem canker
on sunflower in the United States and indicated that fungicides alone are not sufficient to
manage the disease. Olson (2017) applied foliar fungicides containing Fungicide
Resistance Action Committee (FRAC) group 11 [ Quinone outside inhibitors (QoI)] at
different growth stages [V12 (12 true leaves), R1, and R3 (miniature floral head
elongation)] on hybrids susceptible and partially resistant to the causal fungi. Olson (2017)
observed that a single fungicide application of FRAC group 11 at R1 growth stage can
reduce Phomopsis stem canker severity and result in greater yield.
Many studies have been conducted to identify sources of resistance to the
organisms causing Phomopsis stem canker. As examples, Gulya (1997) screened more than
one thousand USDA cultivated sunflower accession under and 2% of the accession showed
to have resistance to Phomopsis stem canker. Talukder et al. (2014) discovered 30 parental
lines from Russia and Europe with resistance to Diaporthe helianthi. Mathew et al. (2018b)
evaluated 49 USDA cultivated sunflower accessions, 13 accessions were resistant to D.
helianthi and four accessions to Diaporthe gulyae. Additionally, studies suggest that
resistance to Diaporthe species causing Phomopsis stem canker may be quantitative in
nature with addictive effects, and leaf and stem resistance are inherited independently
(Vear et al. 1997; Degener et al. 1999; Viguie et al. 1999).
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Research Justification
Data from the annual disease survey of U.S. sunflower show the prevalence of
Phomopsis stem canker has increased from 25% (2002 to 2008) to 56% (2009 to 2015).
The survey was performed in Colorado, Kansas, Minnesota, Nebraska, North Dakota,
South Dakota, Texas, where approximately 75% of the U. S. sunflower production takes
place in the country (Gulya et al. 2019) and South Dakota takes first place in production
(USDA-NASS 2021). Phomopsis stem canker management options are limited for
sunflower growers in South Dakota and other sunflower producing areas. Thus, it is
important to explore genetic resistance resources combining with cultural practices and
chemical management to reduce the yield losses cause by Phomopsis stem canker.
The specific objectives of this study were: (1) compare the cultivated sunflower
accession for resistance to Diaporthe gulyae at the vegetative and reproductive growth
stage; (2) genome-wide association study of resistance to Phomopsis stem canker; (3)
compare the efficacy of fungicide against Phomopsis stem canker in the field.
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CHAPTER 2. Growth Stage Impacts Phomopsis Stem Canker Severity Associated with
Diaporthe gulyae on Sunflower (Helianthus annuus L.)

This chapter was published in the journal Plant Health Progress
(https://apsjournals.apsnet.org/doi/abs/10.1094/PHP-12-20-0108-RS)
Abstract
Diaporthe gulyae Shivas et al. was described as causing Phomopsis stem canker of
sunflower (Helianthus annuus L.) in the U.S. in 2010. In this study, the impact of growth
stage on disease severity associated with D. gulyae in cultivated sunflower accessions was
investigated. One hundred forty-three accessions were inoculated with a single isolate of
D. gulyae using the mycelium contact inoculation method at V4 to V6 (four to six true
leaves) and R4 to R6 (beginning of inflorescence to completion of flowering) growth stages
in the greenhouse. The experiment was conducted in a completely randomized design with
six replications and repeated once. Disease severity was assessed at 14 days postinoculation using a 0 to 5 rating scale. A significant interaction between growth stage and
accessions (p<0.0001) was observed for disease severity [relative treatment effect (RTE)]
caused by D. gulyae. Among the 143 accessions, 27, three, and two accessions had
significantly lower RTE at V4 to V6, R4 to R6, and both growth stages respectively, based
on 95% confidence intervals, when compared to the susceptible check ‘HA 288’. This
study suggests that distinct host resistance mechanism may coexist, and host
developmental changes is resistance to D. gulyae is associated with signaling and activation
of plant pathogen defense.
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Introduction
Phomopsis stem canker is a fungal disease of sunflower, Helianthus annuus L., that
can reduce yield by as much as 40% (Debaeke et al. 2003) and oil content by 15 to 25%
(Aćimović 1986) in major sunflower producing countries of the world (Harveson et al.
2016). The disease is favored by high relative humidity (>90%), frequent rainfall, and
temperatures ranging from 20 to 24˚C (Debaeke and Moinard 2010). Phomopsis stem
canker is caused by multiple species of Diaporthe, among which D. helianthi Munt.-Cvetk
et al. and D. gulyae Shivas et al. are predominant in the United States (Elverson et al. 2020,
Mathew et al. 2015). To date, options to manage Phomopsis stem canker in the U.S. are
limited to rotating sunflower with non-hosts, tillage, weed management, as well as use of
foliar fungicides (Mathew et al. 2018a). Use of resistant varieties can be an effective option
for disease management, however, commercial hybrids with complete resistance to the
organisms causing Phomopsis stem canker are not available.
Typically, sunflower genotypes are screened for resistance to the fungi causing
Phomopsis stem canker in field sites with disease history, and disease incidence is not
assessed until flowering or later growth stages, when stem lesions are observed. As an
example, Talukder et al. (2020) screened a recombinant inbred line population (164 F6
progeny lines) developed from a cross between HA 89 and HA-R3 at seven locations in
Minnesota and North Dakota selected based on the field history of Phomopsis stem canker
and resistant genotypes were identified. A genome-wide association study (GWAS) was
performed on these F6 progeny lines for incidence of Phomopsis stem canker evaluated at
physiological maturity and 15 quantitative trait loci (QTL) were identified to be associated
with disease resistance (Talukder et al. 2020).

34

Despite screening sunflower accessions to organisms causing Phomopsis stem
canker (e.g., Talukder et al. 2020, Gulya et al. 2009), the relationship between plant growth
stage and disease resistance has not been explored in sunflower. Generally, host resistance
can vary with crop development stages depending on host–pathogen interactions and
pathogen lifestyle (biotrophs, hemibiotrophs, and necrotrophs). For example, Chongo and
Gossen (2001) studied the effect of host resistance and age on the development of
Ascochyta blight caused by the necrotrophic fungus, Ascochyta rabiei (Pass.) Labr.), on
chickpea (Cicer arietinum L.). Four cultivars, UC27 (susceptible), Sanford, B90 and Myles
(partially resistant), were studied for their susceptibility to two isolates of A. rabiei, at four
growth stages (seedling, vegetative, flowering, and podding) in a growth chamber and
under field conditions. Disease severity was assessed at two, four, six, and eight-weeks
post-inoculation using the Horsfall–Barratt scale (0–11, Horsfall and Barratt 1945).
Overall, UC27 was susceptible to the two isolates of A. rabiei at all growth stages. In
contrast, Sanford, B90 and Myles were resistant at seedling and vegetative growth stages;
however, their resistance to A. rabiei declined at flowering and podding growth stages
(Chongo and Gossen 2001).
Since the 2010 disease epidemic, Phomopsis stem canker has become economically
important in Minnesota, North Dakota, and South Dakota (Gulya et al. 2019, Mathew et
al. 2015). One of the major factors contributing to increased importance of Phomopsis stem
canker is the significant increase in precipitation in Minnesota, North Dakota and South
Dakota that favors disease development. Additionally, failure to manage weeds using
herbicides have contributed to increased prevalence of Phomopsis stem canker (Hulke et
al. 2019). As an example, glyphosate resistance has been identified in kochia (Kochia

35

scoparia L.), which is an asymptomatic host of D. gulyae (B. Kontz and F. Mathew,
unpublished). Also, lack of commercial hybrids with resistance to Phomopsis stem canker
has contributed to increased disease prevalence (Hulke et al. 2019). At this time, cultivated
accessions with possible resistance to D. helianthi and D. gulyae have been identified that
can be incorporated into sunflower breeding programs (Mathew et al. 2018b). However,
we hypothesize that resistance to Phomopsis stem canker can vary with growth stage and
maybe driven by host defense mechanisms at each growth stage. Using D. gulyae as the
model organism, this research was undertaken to investigate the effect of growth stage on
the susceptibility of sunflower to Phomopsis stem canker in the greenhouse.
Materials and Methods
Selection of a D. gulyae isolate. For inoculation, a single isolate of D. gulyae was
used (16-OP-SF-DIA-40) that was determined aggressive in a preliminary greenhouse
study by R. Guidini and F. Mathew (unpublished). The isolate was recovered from plant
samples exhibiting Phomopsis stem canker symptoms (brown discoloration on the stem,
lodging of the plants) collected from a commercial sunflower field in Hyde County, South
Dakota in 2016. Following isolation, 16-OP-SF-DIA-40 was identified by T. Olson and F.
Mathew (unpublished) as D. gulyae by using the quantitative polymerase chain reaction
assays developed by Elverson et al. (2020). For this study, the isolate of D. gulyae was
cultured on fresh plates of potato dextrose agar (PDA) and incubated at 23±2 oC for 14
days. From the margin of the growing colony of the D. gulyae isolate, mycelial plugs (6
mm diameter) were taken and used as inoculum.
Selection of cultivated sunflower accessions. One hundred forty-three cultivated
accessions (three landrace, 74 oil-type, nine oil-introgressed, three open pollinated, 49 non-
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oil type, four non-oil introgressed, and one uncertain) from at least eight countries
(Argentina, Austria, Bulgaria, Germany, Hungary, Kazakhstan, Russia, and USA) were
evaluated for resistance to D. gulyae at V4 to V6 (four to six true leaves, Schneiter and
Miller 1981) and R4 to R6 (beginning of inflorescence to completion of flowering) in the
greenhouse (Table 2.1). These accessions have about 90% of the allelic genetic diversity
present within the cultivated sunflower germplasm (Mandel et al. 2011) and seeds were
obtained from the USDA North Central Regional Plant Introduction Station (USDANCRPIS, Ames, IA). The confection inbred ‘HA 288’ (PI 552934) from the USDANCRPIS collection was used as the susceptible check (Mathew et al. 2018b).
Greenhouse study design and data analyses. The experiment was performed twice
in a completely randomized design using 143 accessions with three replications (7.5-liter
plastic pots) in the greenhouse planted in two batches to represent the V4 to V6 and R4 to
R6 growth stages. For the first planting, two seeds were sown in each of the three pots for
each accession in moist soil (Pro-Mix BX Mycorrhizae, Premier Tech Horticulture Office
– USA, Quakertown, PA). Prior to sowing seeds, each pot received a single application (30
g) of Multicote 4 (14-14-16+) fertilizer (Haifa NutriTech Inc., Altamnote Springs, FL).
Plants were grown in the greenhouse at temperatures between 22 and 25°C and under a 16
h light/ 8 h dark cycle. In addition, plants were watered daily, and no fertilizer was added
during the experiment. After the plants in the first planting reached R1 growth stage (when
miniature floral head is formed on the sunflower plants), the second planting was started
in which two seeds were sown in three pots for the accessions as described previously. At
the time of inoculation, the plants in the first planting were in R4 to R6 growth stages and
the plants in the second group were in V4 to V6 growth stages.
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For inoculating plants, the mycelial contact inoculation method was used
(Thompson et al. 2011, Miric 2002). On each plant, one 6-mm-diameter mycelial plug of
D. gulyae was placed at the third internode and covered with petroleum jelly. After
inoculation, plants were misted for 2 min every 2 h for 3 days, following which they were
watered every other day until the end of the experiment.
Fourteen days after inoculation, plants were assessed for disease severity using a 0
to 5 where 0 = no stem discoloration; 1 = low level of stem discoloration at site of
inoculation; 2 = minor stem discoloration or lesion 1 to 2 mm; 3 = necrotic lesion of 2 to 5
mm in length, colored stem streaking, leaf wilting and twisting; 4 = lesion of 5 to 10 mm
in length, significant necrosis and dark colored stem streaking, leaf and plant wilting
twisting, stunting, and some lodging; and 5 = lesion exceeding 10 mm in length, severe
leaf necrosis, lodging or plant death (Mathew et al. 2015; Thompson et at. 2011). The
disease severity data was ordinal and therefore, analyzed using the non-parametric
procedure described by Shah and Madden (2004). The Fligner-Killeen test (Conover et al.
1981) was used to determine the homogeneity of variance between the two experiments in
R software (R Core Team 2013). The assumption of homogeneity of variance was met
(p=0.06) and the data from the two experiments were pooled for non-parametric analyses.
Test statistics were calculated using the nparLD package (Noguchi et al. 2012) in R. Mean
1

𝑛𝑖
rank (𝑅i) was calculated as “𝑅i = 𝑛 ∑𝑘=1
𝑅ik (Akritas 1991), where 𝑅i = the mean rank for
𝑖

the ith treatment, and Rik = the rank of Xik among all N observations” (Shah and Madden
2004). Disease severity was expressed as relative treatment effects (RTE), and RTE was
calculated as 𝑝̂
𝑖 =

1
𝑁

1

(𝑅i -2) [where 𝑅i = mean rank, N = the total number of observations
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(Shah and Madden 2004)] and compared using 95% confidence intervals. Correlation
analysis was performed among RTEs obtained from the plants inoculated at V4 to V6 and
R4 to R6 using Spearman's rank correlation statistic in R.
Results
Symptoms of Phomopsis stem canker (brown discoloration on the stem, plant
lodging and plant death) were observed as early as five days post-inoculation on all
accessions (including HA 288) inoculated at V4 to V6 and R4 to R6.
A significant interaction between growth stage and accessions (ATS=22.1, df=1,
p=2.48x10-6) was observed for disease severity caused by D. gulyae (expressed as RTE),
indicating that there were differences in the susceptibility of accessions to the fungus
between V4 to V6 and R4 to R6 growth stages at 14 days post-inoculation.
For the plants inoculated at V4 to V6, 27 accessions [PI162784, PI219649,
PI369359, PI507911, PI509064, PI549002, PI549014, PI561918, PI599773, PI599781,
PI600717, PI607923, PI607930, PI633744, PI633745, PI633746, PI633747, PI639162,
PI639163, PI650353, PI655009, PI655014, PI664169, PI664177, PI664201, PI664208 and
PI664234] had significantly (ATS=17.06, df=1.43, p=1.86x10-6) lower RTE when
compared to HA 288 based on 95% confidence intervals. For the plants inoculated at R4
to R6, three accessions [PI531075, PI549002, and PI561918] had significantly (ATS=2.4,
df=1.82, p=0.0095) lower RTE relative to HA 288. Only two accessions [PI549002 and
PI561918] had significantly lower RTE when compared to HA 288 at both V4 to V6 and
R4 to R6 (Table 2.1).
The correlation among RTEs observed on sunflower plants between V4 to V6 and
R4 to R6 growth stages was significant and low (r=0.2, p=0.019).
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Table 2.1. Median disease severity, mean rank, and relative treatment effects of
Phomopsis stem canker caused by D. gulyae on 139 cultivated sunflower accessions
inoculated at V4 to V6 and R4 to R6 growth stages at 14 days post-inoculation.

Accessions
PI 340790
PI 369359
PI 386230
PI 509057
PI 509059
PI 509061
PI 509062
PI 509063
PI 509064
PI 509065
PI 531075
PI 534649
PI 534653
PI 534654
PI 534656
PI 534657
PI 534658
PI 543745
PI 543746
PI 548996
PI 548997

Classb

Country of
origin
Former
Soviet
Union
USA

Open
pollinated
variety
Landrace
Open
pollinated Kazakhstan
variety
RHA-Oil
USA
HA-Non-oil
USA
HA-Non-oil
USA
HA-Non-oil
USA
HA-Non-oil
USA
RHA-NonUSA
oil
RHA-NonUSA
oil
RHA-NonUSA
oil
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-NonUSA
oil
RHA-NonUSA
oil
Oil
USA
Introgressed
Oil
USA
Introgressed

Vegetative (V4 to
V6) growth stagec

Reproductive (R4
to R6) growth
staged

Estimated RTEe

Estimated RTEe

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)

0.01* (0.01, 0.01)

0.56 (0.52, 0.60)

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)

0.14* (0.14, 0.14)

0.40 (0.17, 0.68)

0.61 (0.61, 0.61)

0.22 (0.05, 0.64)

0.61 (0.61, 0.61)

0.02* (0.01, 0.03)

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.24 (0.06, 0.60)
0.56 (0.52, 0.60)

0.30 (0.09, 0.65)

0.40 (0.17, 0.68)

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)
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Accessions
PI 548998
PI 549001
PI 549002
PI 549006
PI 549009
PI 549011
PI 549014
PI 552931
PI 552933
PI 552934a
PI 552935
PI 552936
PI 560143
PI 560144
PI 560145
PI 561918
PI 578008
PI 578009
PI 578010
PI 578011
PI 578874
PI 597366
PI 597368
PI 597369
PI 597370
PI 597371
PI 597372
PI 597374
PI 597375
PI 597378

Classb
Oil
Introgressed
Oil
Introgressed
Oil
Introgressed
Oil
Introgressed
Oil
Introgressed
Oil
Introgressed
Oil
Introgressed
HA-Oil
HA-Non-oil
HA-Non-oil
HA-Oil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil

Vegetative (V4 to
V6) growth stagec

Reproductive (R4
to R6) growth
staged

Country of
origin

Estimated RTEe

Estimated RTEe

USA

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)

USA

0.61 (0.61, 0.61)

0.24 (0.06, 0.60)

USA

0.14* (0.14, 0.14)

0.02* (0.01, 0.03)

USA

0.61 (0.61, 0.61)

0.24 (0.06, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)

USA

0.11* (0.06, 0.19)

0.38 (0.13, 0.71)

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.00* (0.00, 0.00)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.24 (0.06, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.00* (0.00, 0.00)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.40 (0.17, 0.68)
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Accessions

Classb

PI 599753
PI 599757
PI 599758

HA-Non-oil
RHA-Oil
RHA-Oil
RHA-Nonoil
RHA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Non-oil
RHA-Nonoil
RHA-Nonoil
HA-Non-oil
HA-Non-oil
RHA-Nonoil
RHA-Nonoil
HA-Non-oil
Landrace
Other oil
Other nonoil
HA-Oil
RHA-Oil
RHA-Oil
HA-Oil
RHA-Oil
HA-Non-oil
HA-Non-oil
HA-Oil
RHA-Oil

PI 599764
PI 599765
PI 599770
PI 599771
PI 599773
PI 599775
PI 599776
PI 599781
PI 599783
PI 599788
PI 599789
PI 599977
PI 599978
PI 599980
PI 599981
PI 599982
PI 600717
PI 600723
PI 601368
PI 603986
PI 603989
PI 603990
PI 603991
PI 607508
PI 607509
PI 607510
PI 607511
PI 607923

Vegetative (V4 to
V6) growth stagec

Reproductive (R4
to R6) growth
staged

Country of
origin
USA
USA
USA

Estimated RTEe

Estimated RTEe

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)

USA

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)

USA
USA
USA
USA
USA
USA
USA
USA

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.14* (0.14, 0.14)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.04* (0.03, 0.05)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.20 (0.03, 0.71)
0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA
USA

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA
USA
USA

0.61 (0.61, 0.61)
0.14* (0.14, 0.14)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA
USA
USA
USA
USA
USA
USA
USA
USA

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.14* (0.14, 0.14)

0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.24 (0.06, 0.60)
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Accessions

Classb

PI 607925
PI 607928
PI 607929

RHA-Oil
RHA-Oil
HA-Non-oil
RHA-Nonoil
HA-Oil
RHA-Oil
RHA-Oil
HA-Oil
HA-Oil
HA-Oil
RHA-Oil
RHA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Oil
Open
pollinated
variety
Open
pollinated
variety
HA-Non-oil
HA-Non-oil
HA-Non-oil
HA-Non-oil
HA-Oil

PI 607930
PI 617098
PI 617099
PI 617100
PI 618725
PI 618726
PI 618727
PI 619204
PI 619206
PI 632338
PI 632339
PI 632340
PI 632341
PI 633744
PI 633745
PI 633746
PI 633747
PI 633748
PI 639162
PI 639163
PI 639164
PI 650353

PI 650437
PI 650579
PI 650588
PI 650594
PI 650605
PI 650755

Vegetative (V4 to
V6) growth stagec

Reproductive (R4
to R6) growth
staged

Country of
origin
USA
USA
USA

Estimated RTEe

Estimated RTEe

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)

USA

0.14* (0.14, 0.14)

0.56 (0.52, 0.60)

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

0.45 (0.19, 0.74)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.45 (0.19, 0.74)
0.30 (0.09, 0.65)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.01* (0.01, 0.01)
0.08* (0.04, 0.16)
0.14* (0.14, 0.14)
0.14* (0.14, 0.14)
0.61 (0.61, 0.61)
0.14* (0.14, 0.14)
0.14* (0.14, 0.14)
0.61 (0.61, 0.61)

0.40 (0.17, 0.68)
0.40 (0.17, 0.68)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.40 (0.17, 0.68)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)

Unknown

0.14* (0.14, 0.14)

0.40 (0.17, 0.68)

Germany

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA
USA
USA
USA
USA

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
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Accessions

Classb

PI 650763

HA-Oil
Open
pollinated
variety
HA-Non-oil
RHA-Oil
RHA-Nonoil
Open
pollinated
variety
Non-oil
Introgressed
Non-oil
Introgressed
Non-oil
Introgressed
Non-oil
Introgressed
RHA-Nonoil
RHA-Nonoil
RHA-Nonoil
RHA-Nonoil
RHA-Nonoil
RHA-Nonoil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Non-oil
HA-Non-oil
HA-Non-oil

PI 650794
PI 655009
PI 655013
PI 655014
PI 664149
PI 664168
PI 664169
PI 664176
PI 664177
PI 664201
PI 664202
PI 664204
PI 664206
PI 664207
PI 664208
PI 664214
PI 664218
PI 664219
PI 664220
PI 664228
PI 664230
PI 664231

Vegetative (V4 to
V6) growth stagec

Reproductive (R4
to R6) growth
staged

Country of
origin
USA

Estimated RTEe

Estimated RTEe

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.40 (0.17, 0.68)

USA
USA

0.14* (0.14, 0.14)
0.30 (0.09, 0.65)

0.56 (0.52, 0.60)
0.24 (0.06, 0.60)

USA

0.14* (0.14, 0.14)

0.56 (0.52, 0.60)

Bulgaria

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.30 (0.09, 0.65)

0.40 (0.17, 0.68)

USA

0.14* (0.14, 0.14)

0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.14* (0.14, 0.14)

0.56 (0.52, 0.60)

USA

0.14* (0.14, 0.14)

0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.61 (0.61, 0.61)

0.56 (0.52, 0.60)

USA

0.30 (0.09, 0.65)

0.56 (0.52, 0.60)

USA

0.45 (0.19, 0.74)

0.56 (0.52, 0.60)

USA

0.03* (0.02, 0.03)

0.56 (0.52, 0.60)

USA
USA
USA
USA
USA
USA
USA

0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.61 (0.61, 0.61)
0.23 (0.04, 0.71)
0.45 (0.19, 0.74)
0.30 (0.09, 0.65)

0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
0.56 (0.52, 0.60)
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Accessions

Classb

PI 664232
PI 664233

Country of
origin
USA
USA

Vegetative (V4 to
V6) growth stagec

Reproductive (R4
to R6) growth
staged

Estimated RTEe

Estimated RTEe

HA-Non-oil
0.45 (0.19, 0.74)
0.56 (0.52, 0.60)
HA-Non-oil
0.61 (0.61, 0.61)
0.56 (0.52, 0.60)
RHA-NonPI 664234
USA
0.05* (0.04, 0.05)
0.24 (0.06, 0.60)
oil
aSusceptible check is the confection inbred (552934, HA 288) (Mathew et al. 2018b).
bThe

USDA cultivated accessions are defined as Open pollinated variety (plant varieties

that are naturally pollinated), Oil Introgressed and Non–oil Introgressed (varieties with
introgression history from wild Helianthus species), ‘Non-oil’ (confectionery types, or
non- oil types that are used for human snack and bird feed), oil (oil types that are used for
production of sunflower oil), HA=maintainer (B) lines [typically unbranched, Mandel et
al. (2011)], RHA= restorer (R) lines [typically branched, Mandel et al. (2011)], Landrace
(cultivated and genetically heterogeneous varieties; Casañas et al. 2017) and ‘other oil’ and
‘other non-oil’ (accessions for which a B or R designation was not available). Seeds and
information of the 139 accessions for this study were provided by Dr. Laura Marek (Iowa
State University, Ames, IA).
cVegetative

growth stage: V4 (four true leaves) to V6 (six true leaves) growth stages

(Schneiter and Miller 1981).
dReproductive

growth stage: R4 (beginning of inflorescence) to R6 (flowering completion)

growth stages (Schneiter and Miller 1981).
eDisease

severity data were analyzed separately for each growth stage using non-

parametric statistics and expressed as relative treatment effect (RTE). Test statistics were
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calculated using the nparLD package (Noguchi et al. 2012) in R. (*) indicate accessions
that were significantly less susceptible to D. gulyae (α=0.05) when compared to HA 288.
Discussion
This research suggests that the development of Phomopsis stem canker caused by
D. gulyae is dependent on the growth stage of the sunflower plants at the time of infection.
Of the 143 cultivated accessions screened for resistance to D. gulyae, 27, three and two
accessions were significantly less susceptible when inoculated at V4 to V6, R4 to R6 and
both growth stages, respectively, when compared to ‘HA 288’. The difference in the
number of accessions with possible resistance to D. gulyae between the two growth stages
suggests that distinct host resistance mechanisms may be co-existing. Also, there is a
possibility of developmental changes in resistance to D. gulyae in sunflower that is
associated with activation and signaling of upstream and downstream defense‐related
genes (e.g. salicylic acid pathway), as observed in pathosystems such as Arabidopsis
[Arabidopsis thaliana (L.) Heynh.] and cultivated tobacco (Nicotiana tabacum L.) (Carviel
et al. 2009, Develey-Rivière and Galiana 2007). Further investigations are needed to
understand the defense mechanisms in sunflower against D. gulyae.
Many host-pathogen interactions are affected by the growth stage at which the plant
is infected by the pathogen, and this is because of the changes in gene expression associated
with host physiological changes (Develey-Rivière and Galiana 2007). This research
supports the possibility that older plants are more susceptible to D. gulyae than younger
ones, similar to what was observed in studies for fungal pathogens such as A. raibei
(Basandrai et al. 2007, Chongo and Gossen 2001). For plants inoculated at V4 to V6,
among the 27 accessions that had significantly lower RTE when compared to HA 288, 25
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accessions had a significantly greater RTE when inoculated at R4 to R6 (Table 2.1). There
may be two reasons for increased susceptibility of accessions during the R4 to R6 growth
stages. First, some resistance genes in response to infection by D. gulyae may only be
expressed during vegetative growth stages. Second, the greenhouse experiment was
terminated at 14 days post-inoculation. Considering most species of Diaporthe are
hemibiotrophic (Udayanga et al. 2011), it is possible that D. gulyae, like other
hemibiotrophs, has a long latent period when infecting resistant accessions compared with
susceptible ones (Précigout et al. 2020) and assessment of disease severity caused by the
fungus at 14 days post-inoculation may have overestimated cultivar resistance.
Nevertheless, exceptions to the observation that older plants are more susceptible to D.
gulyae were observed. For plants inoculated at R4 to R6, among the three accessions that
had significantly lower RTE when compared to HA 288, only one accession (PI531075)
had a greater RTE when inoculated at V4 to V6. The reduced susceptibility of PI531075
to D. gulyae during R4 to R6 maybe because some resistance genes are expressed only at
the reproductive growth stages. Also, among the total 28 accessions identified as having
possible resistance to D. gulyae between V4 to V6 and R4 to R6, the plant growth stage
did not seem to affect the RTE observed on two accessions, PI549002 and PI561918.
Further, a significantly low correlation was observed among RTEs observed on all
accessions that were inoculated at the two growth stages. These indicate that resistance to
D. gulyae may be expressed at both vegetative and reproductive growth stages, but whether
or not the corresponding disease resistance genes are of similar type and function needs to
be determined.
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The current research provided new information on the relationship between
sunflower growth stage and susceptibility to D. gulyae. However, it is important to consider
that results of this study were based on disease phenotyping associated specifically with D.
gulyae and disease assessment was performed 14 days post-inoculation, when all plants of
the susceptible check ‘HA 288’ had the highest disease rating score (5= plant lodging or
death; Mathew et al. 2015, Thompson et al. 2011). Host–pathogen interactions can change
with genomic dynamics between plants and the corresponding causal fungi or fungal
strains causing Phomopsis stem canker. The implication of this research is that it would be
best to select accessions that show resistance to the causal fungus during the advanced
stages of crop development under field conditions. This is because D. gulyae may have a
long latent period, which can lead to overestimation of host resistance if sunflower cultivars
are screened only at vegetative growth stages. In addition, sunflower plants can be more
susceptible if Phomopsis stem canker develops later in the growing season under field
conditions. Nonetheless, among the 143 accessions screened in the greenhouse, PI549002
and PI561918 were identified to have resistance to D. gulyae at both vegetative and
reproductive growth stages. Such accessions may be potential reservoirs for novel
resistance genes that can be introduced into the sunflower breeding program for developing
varieties with resistance to D. gulyae in the U.S. and worldwide.
Currently, screenings for resistance to Phomopsis stem canker are performed on
sunflower genotypes during advanced cropping stages and commercial hybrids with partial
resistance are available for farmers in the U.S. However, depending solely on the resistance
of sunflower hybrids possibly will not provide adequate protection of yield from
Phomopsis stem canker, particularly when environmental conditions and inoculum
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pressure are favorable for disease development. Thus, to fully manage Phomopsis stem
canker, we would advise farmers to adopt integrated pest management practices that
incorporate disease resistant hybrids, three to four-year crop rotation, tillage practices,
weed management and foliar fungicide application.
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CHAPTER 3. Genome Wide Association Mapping in Sunflower (Helianthus annuus L.)
Reveals Common Genomic Regions for D. helianthi and D. gulyae Causing Phomopsis
Stem Canker
Abstract
Diaporthe helianthi and D. gulyae are the causal agents of Phomopsis stem canker,
which is an important fungal disease of sunflower (Helianthus annuus L.). There are no
commercial hybrids available with complete resistance to the causal fungi and hence it is
critical to identify genes that breeders can use to develop resistant hybrids. The objectives
of this study were to evaluate the USDA collection of cultivated sunflower accessions for
resistance to D. gulyae and D. helianthi and utilize genome-wide association studies
(GWAS) to identify the resistance loci associated with the two fungi based on the available
reference genome sequence of sunflower. The experiments were arranged as a complete
randomized design and performed twice in the greenhouse. Two-hundred and thirteen
USDA cultivated sunflower accessions and one susceptible check (PI 552934) were
screened in the greenhouse for resistance to D. helianthi and D. gulyae. Six plants per
accession were inoculated with a single isolate at V4 to V6 (four to six true leaves) growth
stages using the mycelium-contact method. At 15 days (D. gulyae) and 30 days (D.
helianthi) post-inoculation, disease severity was scored using 0 to 5 rating scale and nonparametric procedure was used for statistical analyses. The GWAS analyses identified 20
common loci associated with resistance to D. gulyae and D. helianthi. Seventeen candidate
genes with known biological function to pathogen resistance were detected, which includes
the disease resistance protein RPV1, Ha412HOChrg0150291 and Ha412HOChrg0150301
genes for D. gulyae, and Ha412HOChrg0150221genes for D. helianthi. This study
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suggests that the identified genomic loci and corresponding candidate genes associated
with resistance to D. gulyae and D. helianthi will facilitate marker-assisted selection in
breeding for disease resistance.
Introduction
Phomopsis stem canker is a major disease of sunflower (Helianthus annuus L.)
causing significant yield losses in the world (Harveson et al. 2016). The disease can cause
early senescence and lodging of sunflower plants, thus resulting in yield losses up to 40%
and oil content up to 25%. In the U.S., two fungi, Diaporthe helianthi Munyt.-Cvetk. et al.
and D. gulyae Shivas et al., have been reported predominant in the sunflower producing
areas of Minnesota, Nebraska, North Dakota, and South Dakota (Elverson et al. 2020). A
study by Mathew et al. (2015) determined that the two fungi are aggressive on sunflower
under greenhouse conditions and disease symptoms cannot be distinguished between them
(Mathew et al. 2015).
The use of genetic resistance can be an option to manage Phomopsis stem canker
and previous studies have reported source of resistance in the sunflower germplasm
collection. As examples, Gulya et al. (2010) screened 1,106 accessions from the USDA
cultivated sunflower collection and the disease incidence on these accessions ranged from
3 to 78%. Talukder et al. (2014) screened 227 plant introductions (PI) and 33 inbred lines
for resistance to Phomopsis stem canker at multiple locations in Minnesota, North Dakota,
and South Dakota in 2011 and 2012. It was observed that 36.9% of the genotypes were
significantly greater resistance to Phomopsis stem canker, when compared to the
susceptible cultivar (HA 89) (Talukder et al. 2014). Elverson et al. (2020) screened USDA
cultivated sunflower accessions for resistance to D. helianthi and D. gulyae in the
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greenhouse. Among the 25 accessions, PI 664232 and PI 561918 were determined to be
significantly less susceptible to D. helianthi and D. gulyae when compared to the
susceptible confection inbred ‘HA 288’ (Elverson et al. 2020).
Despite efforts to screen sunflower accessions for resistance to the fungi causing
Phomopsis stem canker, only few studies have identified quantitative trait loci (QTL)
associated with the disease. As examples, Bert et al. (2002) identified 15 QTLs on 11
linkage groups from 220 F2 – F3 families developed from an interspecific cross of XRQ
(CMS maintainer line with high level of resistance to D. helianthi) with PSC8 (restorer line
with medium level of resistance to D. helianthi and high level of resistance to Sclerotinia
sclerotiorum (Lib) de Bary). These QTLs represent 7 to 41% of the phenotypic variation
for disease resistance. Langar et al. (2004) used a recombinant inbred lines (RIL)
population developed from a cross between HA 89 (susceptible to Phomopsis stem canker),
and LR4 (resistant) and discovered eight chromosome regions associated with Phomopsis
stem canker resistance. Talukder et al. (2020) screened a recombinant inbred line
population derived from a cross between HA 89 (susceptible to Phomopsis stem canker)
and HA-R3 (resistant to Phomopsis stem canker), and the screening was performed at
multiple locations in fields with history of Phomopsis stem canker between 2015 and 2018.
Fifteen QTLs associated with Phomopsis stem canker resistance were identified on 11
sunflower chromosomes, which represents 5.24 to 17.39% of phenotypic variation
(Talukder et al. 2020). Pogoda et al. (2020) discovered seven QTLs for Phomopsis stem
canker resistance located on seven sunflower chromosomes using a panel of 218
domesticated sunflower genotypes screened for resistance to Phomopsis stem canker under
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natural pressure in fields located at Crookston and Rothsay, MN, and Onida, SD in 2011,
and in 2012 at Rothsay, MN, USA.
The quantitative nature of resistance to Phomopsis stem canker in sunflower (Vear
et al. 1997; Degener et al. 1999; Viguie et al. 1999) and the lack of parental materials with
complete resistance to the fungi makes it difficult for the breeding programs to introduce
resistant genes into hybrids with superior agronomic traits (Talukder et al. 2020).
Commercial hybrids with partial disease resistance are available for sunflower farmers.
However, because multiple fungi belonging to the Diaporthe genus cause Phomopsis stem
canker in the U.S. (Mathew et al. 2015), breeders are uncertain to which causal fungus the
available commercial hybrids are partially resistant, or which genomic regions would
provide resistance to one or several of the fungi. The long-term goal of this research is to
characterize genes conferring resistance to D. gulyae and D. helianthi for cultivated
sunflower improvement. Considering D. gulyae and D. helianthi are prevalent in the
sunflower producing areas in the U.S. (Elverson et al 2020), this study focused on these
two pathogens. The specific objectives of this research were to: (1) evaluate the USDA
collection of cultivated sunflower accessions for resistance to D. gulyae and D. helianthi;
and (2) utilize Genome-wide association studies (GWAS) to identify the resistance loci
associated with the two fungi based on the available reference genome sequence of
sunflower (https://sunflowergenome.org/).
Materials and Methods
Selection of D. gulyae and D. helianthi isolates. A preliminary study was performed
in the greenhouse to determine the aggressiveness of the isolates of D. gulyae and D.
helianthi (R. Guidini and F. Mathew, unpublished). The most aggressive isolate of D.
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gulyae (16-OP-SF-DIA-40, Hyde County, SD) and D. helianthi (18-OP-KOC-DIA-59,
Polk County, MN) were selected for this study. These isolates were identified by T. Olson
and F. Mathew (unpublished) using the quantitative polymerase chain reaction assays
developed by Elverson et al. (2020). Prior to greenhouse inoculation, the isolates were
grown on fresh plates of potato dextrose agar media (PDA) for 10 days at 23±2oC. For
inoculating plants, 6-mm diameter mycelial plugs taken from the margin of the growing
colony were considered as inoculum for the two fungi.
Plant Materials. Two hundred and thirteen accessions from the USDA North
Central Regional Plant Introduction Station (NCRPIS) were used for this study (Table 3.1).
This population captures about 70% of the allelic diversity in the cultivated sunflower gene
pool (Mandel et al. 2011) and includes most of the lines found in the sunflower association
mapping (SAM) population (Mandel et al. 2013). This population is categorized based on
the agronomic purpose (oil and non-oil) and breeding history (maintainer [B] lines = HA,
usually unbranched; restorer [R] lines = RHA, usually branched). The USDA accessions
belong to the following categories: HA non-oil, HA oil, RHA non-oil, RHA oil, non-oilintrogressed, landrace, and open-pollinated variety. The non-oil type accessions are either
confectionary or could not be defined as oil type. The introgressed category includes oil
and non-oil type with history of wild H. annuus introgression. The landrace category are
Native American landraces. The open-pollinated varieties represent the pre-hybrid era of
sunflower breeding (Mandel et al. 2013). The confection inbred ‘HA 288’ (PI 552934)
(Mathew et al. 2015) was used as the susceptible check.
Greenhouse experiments. The experiments were conducted twice in a completely
randomized design separately for D. gulyae and D. helianthi. For each experiment, six
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plants were grown into 7.5-liter plastic pots (two pots per accession containing three plants
each) with moist potting soil (Sunshine Mix number 1, Sun Grow Horticulture Products,
Belleview, WA). The plants were grown at 25±2°C under 16-h light/dark conditions in the
greenhouse and watered every two days. About 30 grams of (Multicote (4) 14-14-16 +
Micronutrients) fertilizer (Haifa NutriTech Inc., Altamore Springs, FL) was mixed with
the soil in each pot at the start of the experiment.
For the experiments, accessions were inoculated at V4 to V6 (four to six true leaves,
Berglund 2007) growth stages using the mycelial–contact inoculation method (Thompson
et al. 2011). The mycelial plug infested with D. gulyae or D. helianthi was placed in contact
with stem of the plants at the third internode and covered with petroleum jelly. After
inoculation, plants were misted for 2 min every 2 h for three days. Disease severity caused
by D. gulyae and D. helianthi on plants was evaluated on a 0-to-5 rating scale, where 0 =
no discoloration; 1 = low level discoloration at site of inoculation; 2 = slight discoloration
or lesion 1 to 2 mm in length; 3 = necrotic lesion 2 to 5 mm in length, some colored stem
streaking, leaf wilting, and twisting; 4 = lesion 5 to 10 mm in length, significant necrosis
and dark colored stem streaking, leaf and plant wilting twisting, stunting, and some
lodging; and 5 = lesion exceeding 10 mm in length, severe leaf necrosis, lodging or plant
death (Mathew et al. 2015; Thompson et at. 2011). Disease severity was rated for D. gulyae
at 14 days post-inoculation and 30 days post-inoculation for D. helianthi, when all plants
of ‘HA 288’ were rated as ‘5’ using the disease rating scale.
Data analyses. To determine whether the disease severity data from the two
experiments for D. gulyae and D. helianthi could be combined at α<0.05, Levene's test for
homogeneity of variances was performed using ‘car’ package in R software (v.4.1.1)
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(www.rstudio.com). In addition, since the disease severity data were determined to not
have normally distributed data based on Shapiro-Wilk normality test (p=2.2 x 10-16), the
non-parametric procedure using ANOVA-type statistics (ATS) as described by Shah and
Madden (2004) was used for data analyses using the nparLD package (Noguchi et al. 2012)
in R. To compare the accessions based on the disease severity caused by the two fungi,
relative treatment effects (RTE) calculated from the mean rank as 𝑝̂
𝑖 =
1

1
𝑁

1

(𝑅i -2) [where 𝑅i

𝑛

𝑖
(mean rank)= 𝑛 ∑𝑘=1
𝑅ik (Akritas 1991), 𝑅i = the mean rank for the ith treatment, and Rik =
𝑖

the rank of Xik among all N observations, N = the total number of observations (Shah and
Madden 2004)] were used and the comparisons were performed using 95% confidence
intervals. Correlation analysis was conducted among RTE values obtained from the D.
gulyae and D. helianthi experiments using Spearman’s rank correlation test (corrplot and
metan) in R.
Genotyping. The 213 accessions employed in this experiment were previously
sequenced to 5-25x depth (Hübner et al. 2019). For the current experiment, we used the
pipeline described in Todesco et al. (2020) and further optimized by Huang et al. (2022) to
call variants against the Helianthus annus Ha412 -HOv2 reference genome
(https://sunflowergenome.org/). In brief, the pipeline employs Next-GenMap (v.0.5.3)
(Sedlazeck et al. 2013) for sequence alignments and follows the Genome Analysis ToolKit
best practices for variant calling (Van der Auwera and O'Connor 2020), which includes the
use of GATK’s VariantRecalibrator (v.4.0.1.2) to remove low quality variants. For the
latter, we selected the 20 samples with the highest sequencing depth to produce a "gold
set", and the variant data were subsequently filtered to retain only bi-allelic single
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nucleotide polymorphism (SNP) in the 90% tranche with minor allele frequency (MAF) >
0.03 and genotyping rate > 50%. We previously showed that genotyping accuracy using
this pipeline averages 96.9% for sequence data of similar depth (Todesco et al. 2020). The
SNPs were then phased with a linkage map using Beagle 5.0 (Browning et al. 2018). The
resulting imputed data set contained 3,647,853 bi-allelic variants with MAF ≥ 3%, which
were employed for genome-wide association study (GWAS) (below).
Genome-wide association study for resistance to D. helianthi and D. gulyae. The
disease severity ratings of the six plants corresponding to each accession in the D. helianthi
and D. gulyae experiments were used for GWAS. The GWAS analyses were performed
using a single-locus mixed model in EMMAX (Efficient Mixed-Model Association
Expedited; v.07Mar2010) (Kang et al. 2010). To control for population structure, the first
three principal components of the LD pruned SNP dataset were included as covariates
(fixed effects) and an identity-by-state (IBS) kinship matrix (random effects) was
calculated from the genotypic data by EMMAX (https://github.com/m-jahani/GWAS). For
LD pruning, indep-pairwise function of PLINK has been used with the following
parameters: window size= 50 kb, step size= 50 SNPs, r2 threshold= 0.2. At each step, SNP
pairs in the current 50 kb window with a squared correlation greater than 0.2 are noted, and
SNPs are greedily pruned from the window until no such pairs remain. Then, the window
shifts 50 SNPs at the end of each step, and the process starts again. For every SNP or peak
above the Bonferroni-corrected 5% significance threshold (4.89*10-8) are reported in Table
3.2.
Linkage disequilibrium analysis and gene discovery. To determine if loci detected
by GWAS were independent, we employed the –clump function in PLINK (Purcell et al.
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2007). SNPs that exceeded Bonferroni-corrected 5% threshold in GWA analyses of the
median score of the disease severity ratings were entered into the LD clumping algorithm
with the following parameters: --clump-p1 4.89 x 10-8, --clump-p2 4.89*10-8, --clump-r2
0.20, --clump-kb 10 --clump-range-border 5. This function clusters SNPs within ten
thousand base pairs that are strongly (p < 4.89 x10-8) associated with the evaluated trait.
The algorithm also looks for any co-locating genes within a range of 5kb of the clump
area in the HA412HO.v2 gene annotation. Co-locating sunflower gene sequences were
blasted against the National Center for Biotechnology Information (NCBI) database using
BLASTp to identify genes with known biological function within the LD blocks. Most of
the LD blocks contained multiple hits to numerous genes and genomic sequences.
However, we only reported potential candidate gene hits associated with D. gulyae and D.
helianthi resistance and biological functions reported in previous literature (Williams et al.
2016; Feechan et al. 2013; Hu et al. 2012; Jiang et al. 2017; Knoth et al. 2007; Li et al.
2020; Afzal et al. 2008; DeYoung and Innes 2006; Tameling and Joosten 2007; Wei et al.
2021). The candidate genes reported are additive in nature and have low heterozygosity.
QTL ancestry analysis. Sunflower breeding programs have frequently employed
germplasm from wild species to identify and introgress desired traits into cultivated lines,
and it has been estimated that circa 10% of the cultivated sunflower pan genome derives
from wild introgressions (Baute et al. 2015; Hübner et al. 2019). Therefore, we conducted
a phylogenetic analysis to determine whether resistance QTLs identified by LD clumping
were derived by introgression from closely related wild species. For each QTL larger than
10kb, all the samples in the population were scored for allelic tolerance to the
corresponding fungus (D. helianthi or D. gulyae). Scores were calculated based on each
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sample's allelic effect (Beta value in GWAS) in the corresponding region
(https://github.com/mjahani/small_analysis/blob/main/QLT_ancestry_CLUMP_effect/clu
mp_effect.R). Five samples with the highest and five samples with the lowest scores, as
well as eight landraces and eight samples each from five wild relatives (H. annuus, H.
argophyllus, H. petiolaris, H. niveus, and H. debilis) that are known to contribute
importantly to the cultivated gene pool (Hübner et al. 2019), were selected for the analysis.
Bi-allelic SNPs across these samples were extracted from a VCF made with all accessions
in Mandel et al. (2011), including the 213 genotypes analyzed in this study, as well as
cross-compatible wild Helianthus species using the variant calling pipeline described
above. SNPs within the QTLs were concatenated, and regions containing sequences with
> 50% missing rate were discarded. Neighbor-joining trees for the remaining regions were
constructed using MEGA 10.1.6 (Kumar et al. 2018) with maximum composite likelihood
method and visualized with the R package ggtree (Yu et al. 2017).
Results
Greenhouse experiments. Symptoms of Phomopsis stem canker (brown
discoloration on the stem, plant lodging and plant death) were observed on all accessions
(including HA 288) post-inoculation. For all accessions inoculated with the isolate of D.
gulyae, brown discoloration was observed on the stems five days post inoculation. On ‘HA
288’, plant lodging and death were observed on plants at 14 days after inoculation. In the
D. helianthi experiment, brown discoloration was observed on the stem of all accessions
10 days-post inoculation. Plant lodging and death were observed on ‘HA 288’ plants 30
days post-inoculation.
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For D. gulyae, the assumption of homogeneity of variance was satisfied for the two
experiments (p=0.60) and the data from the two experiments were pooled for nonparametric analyses. At 14 days post-inoculation, a significant effect of accessions was
observed on RTE (ATS=10.85, df=1.54, p<0.0001). A total of 39 accessions [PI 162784,
PI 219649, PI 369359, PI 507911, PI 509064, PI 549002, PI 549014, PI 561918, PI 561919,
PI 599773, PI 599781, PI 599782, PI 599979, PI 600000, PI 600717, PI 603988, PI 600000,
PI 607930, PI 633744, PI 633745, PI 633746, PI 633747, PI 639162, PI 639163, PI 639165,
PI 639169, PI 642777, PI 650353, PI 650753, PI 655009, PI 655014, PI 655015, PI 664169,
PI 664177, PI 664196, PI 664200, PI 664201, PI 664208, PI 664234] had significantly
lower RTE when compared to ‘HA 288’ based on 95% confidence intervals (Table 3.1).
Table 3.1. Relative treatment effects of Phomopsis stem canker caused by D. gulyae in
the greenhouse and under natural disease pressure (field conditions) on 213 cultivated
sunflower accessions.

Accessions

Class a,b

PI 162784
PI 219649
PI 340790

N/A
N/A
OPV

PI 369359
PI 386230

Landrace
OPV

PI 432504
PI 432505
PI 476853
PI 507894
PI 507911
PI 509051
PI 509053

Landrace
N/A
Cultivar
Landrace
Landrace
HA-Oil
HA-Oil

Country of
origin
Argentina
Austria
Soviet
Union
USA
Kazakhsta
n
USA
USA
USA
Hungary
Hungary
USA
USA

D. gulyae

Field

Estimated RTEc

Estimated RTEc

0.01* (0.01, 0.01)
0.03* (0.02, 0.03)
0.63 (0.62, 0.64)

0.57 (0.51, 0.63)
0.32 (0.20, 0.47)
0.51 (0.42, 0.61)

0.01* (0.01, 0.01)
0.63 (0.62, 0.64)

0.60 (0.59, 0.61)
0.57 (0.52, 0.61)

0.24 (0.04, 0.70)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.13* (0.08, 0.19)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)

0.60 (0.59, 0.61)
0.42 (0.30, 0.56)
0.39 (0.28, 0.51)
0.54 (0.45, 0.63)
0.48 (0.37, 0.58)
0.54 (0.45, 0.62)
0.57 (0.51, 0.63)
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Accessions

Class a,b

PI 509057
PI 509059
PI 509060
PI 509061
PI 509062
PI 509064

RHA-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
RHA-NonOil
RHA-NonOil
RHA-NonOil
RHA-NonOil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-NonOil
RHA-NonOil
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
Oil Intro.
HA-Oil
HA-Non-Oil
HA-Non-Oil
HA-Oil
HA-Oil

PI 509065
PI 531074
PI 531075
PI 534649
PI 534652
PI 534654
PI 534656
PI 534657
PI 534658
PI 543745
PI 543746
PI 548996
PI 548997
PI 548998
PI 549001
PI 549002
PI 549003
PI 549009
PI 549011
PI 549014
PI 549015
PI 552931
PI 552933
PI 552934
PI 552935
PI 552936

D. gulyae

Field

Country of
origin
USA
USA
USA
USA
USA
USA

Estimated RTEc

Estimated RTEc

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)

0.57 (0.51, 0.63)
0.57 (0.52, 0.62)
0.24* (0.15, 0.37)
0.18* (0.10, 0.29)
0.23* (0.13, 0.37)
0.37 (0.13, 0.37)

USA

0.63 (0.62, 0.64)

0.37 (0.25, 0.50)

USA

0.44 (0.15, 0.77)

0.36 (0.23, 0.50)

USA

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)

USA
USA
USA
USA
USA
USA
USA

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)

0.57 (0.51, 0.63)
0.57 (0.51, 0.63)
0.57 (0.51, 0.63)
0.60 (0.59, 0.61)
0.54 (0.45, 0.62)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)

USA

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.13* (0.08, 0.19)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)

0.54 (0.45, 0.62)
0.47 (0.36, 0.58)
0.60 (0.59, 0.61)
0.54 (0.45, 0.62)
0.57 (0.51, 0.63)
0.42 (0.30, 0.54)
0.48 (0.37, 0.58)
0.35 (0.22, 0.50)
0.60 (0.59, 0.61)
0.28* (0.16, 0.43)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.53 (0.43, 0.62)
0.54 (0.45, 0.62)
0.53 (0.43, 0.62)
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Accessions

Class a,b

PI 552944

RHA-NonOil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Oil
HA-Non-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-NonOil
RHA-Oil

PI 552948
PI 560142
PI 560143
PI 560144
PI 560145
PI 561918
PI 561919
PI 561921
PI 578008
PI 578009
PI 578010
PI 578011
PI 578873
PI 578874
PI 597365
PI 597366
PI 597367
PI 597368
PI 597369
PI 597370
PI 597371
PI 597372
PI 597374
PI 597375
PI 597376
PI 597377
PI 597378
PI 599758
PI 599759
PI 599761
PI 599762
PI 599763
PI 599764
PI 599766

D. gulyae

Field

Country of
origin
USA

Estimated RTEc

Estimated RTEc

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.00* (0.00, 0.00)
0.04* (0.03, 0.05)
0.32 (0.11, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.32 (0.11, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)

0.57 (0.51, 0.63)
0.57 (0.51, 0.63)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.00* (0.00, 0.01)
0.30 (0.18, 0.46)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.57 (0.50, 0.63)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.57 (0.50, 0.63)
0.40 (0.28, 0.54)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.49 (0.39, 0.60)
0.57 (0.50, 0.63)
0.38 (0.26, 0.51)
0.25* (0.16, 0.37)
0.46 (0.35, 0.58)
0.54 (0.46, 0.62)
0.54 (0.46, 0.62)
0.26* (0.16, 0.40)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.54 (0.46, 0.62)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.50 (0.39, 0.61)
0.57 (0.50, 0.63)
0.51 (0.40, 0.61)
0.60 (0.59, 0.61)

USA

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)
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Accessions
PI 599767
PI 599768
PI 599770
PI 599771
PI 599772
PI 599773
PI 599774
PI 599775
PI 599776
PI 599778
PI 599779
PI 599780
PI 599781
PI 599782
PI 599783
PI 599786
PI 599787
PI 599788
PI 599789
PI 599977
PI 599978
PI 599979
PI 599980
PI 599981
PI 599982
PI 600000
PI 600717
PI 600723
PI 601368
PI 603986
PI 603988
PI 603989
PI 603990
PI 603991

Class a,b

Country of
origin
RHA-Oil
USA
RHA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Non-Oil
USA
HA-Non-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-NonUSA
Oil
RHA-NonUSA
Oil
HA-Non-Oil
USA
HA-Non-Oil
USA
HA-Non-Oil
USA
RHA-NonUSA
Oil
RHA-NonUSA
Oil
HA-Non-Oil
USA
RHA-Oil
USA
Landrace
USA
Oil
USA
Non-Oil
USA
HA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
HA-Oil
USA

D. gulyae

Field

Estimated RTEc

Estimated RTEc

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.47 (0.22, 0.74)
0.47 (0.20, 0.76)
0.04* (0.04, 0.05)
0.16* (0.14, 018)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.44 (0.15, 0.77)
0.63 (0.62, 0.64)

0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.53 (0.43, 0.62)
0.60 (0.59, 0.61)
0.40 (0.28, 0.54)
0.37 (0.25, 0.51)
0.37 (0.25, 0.50)
0.50 (0.40, 0.60)
0.46 (0.35, 0.58)
0.48 (0.37, 0.58)
0.47 (0.36, 0.58)
0.54 (0.45, 0.62)
0.57 (0.51, 0.63)
0. 26*(0.16, 0.40)
0.60 (0.59, 0.61)
0.45 (0.34, 0.56)
0.54 (0.45, 0.62)
0.60 (0.59, 0.61)

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)

0.44 (0.15, 0.77)
0.63 (0.62, 0.64)
0.16* (0.14, 018)
0.63 (0.62, 0.64)

0.25* (0.16, 0.37)
0.50 (0.40, 0.60)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)

0.63 (0.62, 0.64)
0.12* (0.06, 0.22)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.04* (0.03, 0.05)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)

0.60 (0.59, 0.61)
0.48 (0.38, 0.58)
0.60 (0.59, 0.61)
0.57 (0.49, 0.63)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.45 (0.33, 0.56)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.51 (0.41, 0.60)
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Accessions
PI 607508
PI 607509
PI 607510
PI 607511
PI 607920
PI 607922
PI 607923
PI 607925
PI 607927
PI 607928
PI 607929
PI 607930
PI 617098
PI 617099
PI 617100
PI 618725
PI 618726
PI 618727
PI 619204
PI 619206
PI 632338
PI 632339
PI 632340
PI 632341
PI 632342
PI 633744
PI 633745
PI 633746
PI 633747
PI 633748
PI 639162
PI 639163
PI 639164
PI 639165
PI 639169
PI 642771

Class a,b

Country of
origin
RHA-Oil
USA
HA-Non-Oil
USA
HA-Non-Oil
USA
HA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
HA-Non-Oil
USA
RHA-NonUSA
Oil
HA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
RHA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA
HA-Oil
USA

D. gulyae

Field

Estimated RTEc

Estimated RTEc

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)

0.51 (0.41, 0.60)
0.26* (0.16, 0.41)
0.54 (0.46, 0.62)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.54 (0.45, 0.62)
0.60 (0.59, 0.61)
0.54 (0.45, 0.62)
0.39 (0.27, 0.52)
0.60 (0.59, 0.61)
0.57 (0.51, 0.63)
0.54 (0.44, 0.62)

0.47 (0.22, 0.74)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.47 (0.22, 0.74)
0.32 (0.10, 0.67)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.47 (0.22, 0.74)
0.01* (0.01, 0.01)
0.09* (0.05, 0.17)
0.16* (0.14, 0.18)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)

0.41 (0.29, 0.54)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.15* (0.08, 0.27)
0.28* (0.17, 0.43)
0.37 (0.25, 0.50)
0.60 (0.59, 0.61)
0.57 (0.51, 0.63)
0.36 (0.25, 0.47)
0.51 (0.42, 0.60)
0.50 (0.39, 0.61)
0.31 (0.20, 0.44)
0.57 (0.49, 0.63)
0.54 (0.46, 0.62)
0.26* (0.15, 0.40)
0.40 (0.29, 0.53)
0.49 (0.38, 0.60)
0.49 (0.38, 0.60)
0.60 (0.59, 0.61)
0.43 (0.21, 0.47)
0.45 (0.34, 0.56)
0.45 (0.34, 0.56)
0.45 (0.34, 0.57)
0.24* (0.14, 0.37)
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Accessions

Class a,b

PI 642774
PI 642775
PI 642777
PI 649793

HA-Oil
HA-Oil
HA-Oil
RHA-NonOil
OPV
RHA-NonOil
RHA-NonOil
RHA-NonOil
OPV
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
HA-Oil
HA-Oil
HA-Oil
HA-Oil
OPV
Non-Oil
Intro.
Non-Oil
Intro.
HA-Non-Oil
RHA-Oil
RHA-NonOil
RHA-NonOil

PI 650353
PI 650358
PI 650359
PI 650361
PI 650437
PI 650570
PI 650571
PI 650579
PI 650582
PI 650588
PI 650592
PI 650594
PI 650597
PI 650599
PI 650605
PI 650753
PI 650754
PI 650755
PI 650763
PI 650794
PI 650817
PI 650842
PI 655009
PI 655013
PI 655014
PI 655015

D. gulyae

Field

Estimated RTEc

Estimated RTEc

0.63 (0.62, 0.64)
0.32 (0.10, 0.67)
0.16* (0.14, 0.18)
0.63 (0.62, 0.64)

0.48 (0.37, 0.58)
0.46 (0.35, 0.58)
0.32 (0.20, 0.47)
0.57 (0.51, 0.63)

Unknown
Former
Serbia
USA

0.16* (0.14, 0.18)
0.63 (0.62, 0.64)

0.57 (0.52, 0.62)
0.29 (0.18, 0.44)

0.63 (0.62, 0.64)

0.51 (0.41, 0.60)

USA

0.63 (0.62, 0.64)

0.45 (0.33, 0.57)

Germany
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
Argentina
Argentina

0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.47 (0.22, 0.74)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.47 (0.21, 0.75)

0.47 (0.36, 0.59)
0.48 (0.38, 0.59)
0.39 (0.28, 0.51)
0.60 (0.59, 0.61)
0.57 (0.51, 0.63)
0.60 (0.59, 0.61)
0.57 (0.51, 0.63)
0.46 (0.35, 0.58)
0.43 (0.32, 0.55)
0.47 (0.36, 0.58)
0.41 (0.29, 0.54)
0.44 (0.33, 0.56)
0.40 (0.29, 0.53)
0.54 (0.46, 0.62)
0.53 (0.44, 0.63)
0.57 (0.51, 0.63)
0.60 (0.59, 0.61)

USA

0.63 (0.62, 0.64)

0.57 (0.52, 0.62)

USA
USA
USA

0.16* (0.14, 0.18)
0.32 (0.11, 0.64)
0.16* (0.14, 0.18)

0.47 (0.36, 0.59)
0.54 (0.45, 0.62)
0.53 (0.44, 0.62)

USA

0.16* (0.14, 0.18)

0.54 (0.46, 0.62)

Country of
origin
USA
USA
USA
USA

69

Accessions

Class a,b

PI 664149
PI 664168

OPV
Non-Oil
Intro.
Non-Oil
Intro.
Non-Oil
Intro.
Non-Oil
Intro.
Non-Oil
Intro.
HA
HA-Non-Oil
HA-Non-Oil
HA-Non-Oil
RHA-NonOil
RHA-NonOil
RHA-NonOil
RHA-NonOil
RHA-NonOil
RHA-NonOil
RHA-NonOil
HA-Oil
HA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
RHA-Oil
HA-Non-Oil
HA-Non-Oil

PI 664169
PI 664175
PI 664176
PI 664177
PI 664179
PI 664190
PI 664191
PI 664196
PI 664200
PI 664201
PI 664204
PI 664205
PI 664206
PI 664207
PI 664208
PI 664210
PI 664211
PI 664214
PI 664215
PI 664216
PI 664218
PI 664219
PI 664220
PI 664225
PI 664227

D. gulyae

Field

Country of
origin
Bulgaria
USA

Estimated RTEc

Estimated RTEc

0.63 (0.62, 0.64)
0.32 (0.10, 0.67)

0.40 (0.28, 0.53)
0.44 (0.33, 0.56)

USA

0.14* (0.14, 0.14)

0.47 (0.35, 0.59)

USA

0.63 (0.62, 0.64)

0.54 (0.44, 0.63)

USA

0.63 (0.62, 0.64)

0.37 (0.25, 0.52)

USA

0.16* (0.14, 0.18)

0.38 (0.26, 0.52)

USA
USA
USA
USA
USA

0.63 (0.62, 0.64)
0.47 (0.22, 0.74)
0.63 (0.62, 0.64)
0.16* (0.14, 0.18)
0.16* (0.14, 0.18)

0.57 (0.52, 0.62)
0.57 (0.51, 0.63)
0.34 (0.22, 0.47)
0.31 (0.21, 0.44)
0.53 (0.44, 0.62)

USA

0.16* (0.14, 0.18)

0.47 (0.36, 0.58)

USA

0.63 (0.62, 0.64)

0.60 (0.59, 0.61)

USA

0.32 (0.10, 0.67)

0.57 (0.51, 0.63)

USA

0.24 (0.04, 0.72)

0.60 (0.59, 0.61)

USA

0.47 (0.22, 0.74)

0.57 (0.50, 0.63)

USA

0.03* (0.02, 0.03)

0.57 (0.49, 0.63)

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

0.32 (0.11, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.63 (0.62, 0.64)
0.32 (0.10, 0.67)

0.57 (0.49, 0.64)
0.29 (0.17, 0.45)
0.60 (0.59, 0.61)
0.57 (0.51, 0.63)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.40 (0.28, 0.54)
0.33 (0.20, 0.50)
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Accessions
PI 664228
PI 664229
PI 664230
PI 664231
PI 664232
PI 664233
PI 664234

Class a,b

Country of
origin
USA
USA
USA
USA
USA
USA
USA

D. gulyae

Field

Estimated RTEc

Estimated RTEc

HA-Non-Oil
0.24 (0.04, 0.72)
HA-Non-Oil
0.63 (0.62, 0.64)
HA-Non-Oil
0.47 (0.20, 0.76)
HA-Non-Oil
0.32 (0.10, 0.67)
HA-Non-Oil
0.47 (0.20, 0.76)
HA-Non-Oil
0.63 (0.62, 0.64)
RHA-Non0.05* (0.04, 0.07)
Oil
aThe USDA cultivated accessions are defined as Open pollinated

0.60 (0.59, 0.61)
0.18* (0.10, 0.32)
0.60 (0.59, 0.61)
0.60 (0.59, 0.61)
0.57 (0.51, 0.63)
0.51 (0.41, 0.60)
0.60 (0.59, 0.61)
variety (OPV), Oil

Introgressed (Oil Intro.), Non–oil Introgressed (Non-Oil Intro.), ‘Non-oil’ (confectionery
types, or non- oil types), oil (oil types), HA=maintainer (B) lines (typically unbranched),
RHA= restorer (R) lines (typically branched) according to Mandel et al. (2011). The oil
‘introgressed’ and non-oil ‘introgressed’ category include USDA accessions with an
introgression history from wild Helianthus species. Between oil and non-oil, the oil-types
are used for production of sunflower oil and non-oil types are used for human snack and
bird feed.
bSusceptible
cDisease

check is the confection inbred (552934, HA 288) (Mathew et al. 2018b).

severity data were analyzed separately for each experiment using non-parametric

statistics and expressed as relative treatment effect (RTE). Test statistics were calculated
using the nparLD package (Noguchi et al. 2012) in R. (*) indicates accessions that were
significantly less susceptible (α=0.05) when compared to HA 288.

For D. helianthi, the assumption of homogeneity of variance was satisfied for the
two experiments (p=0.24). At 30 days after inoculation, a significant effect of accession
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was not observed on RTE (ATS=2.16, df=4.12, p=0.06) and hence statistical comparisons
among accessions were not performed.
The correlation among RTEs observed on plants inoculated with isolates of D.
helianthi and D. gulyae was low not significant (r=0.10, p=0.12).
Genome-wide association study for resistance to D. helianthi and D. gulyae. For
D. gulyae, a total of 215 SNPs representing 102 LD blocks were detected above the
Bonferroni threshold for resistance to the fungus and were located on chromosomes 1, 2,
3, 4, 6, 8, 9, 10, 11, 12, 13, 14, 15, and 16 (Figure 3.1). Out of 215 SNPs, 30 were
overlapping with D. helianthi, and 2 SNPs overlapping with field experiment (Figure 3.3).
The region containing the highest density of significant SNPs (15 SNPs) was located on
Chr11:160221099..160229107 (Figure 3.1).

Figure 3.1. Manhattan plot for GWAS on Phomopsis stem canker disease severity caused
by D. gulyae on a set of 213 cultivated sunflower inbred lines from the USDA collection.
The LOD (7 -log10(P)) scores from a genome-wide scan are plotted against the positions
of each of the SNPs on 17 sunflower chromosomes. On the plot, each gray and blue dot
above the threshold line (green) indicates a SNP significantly associated with D. helianthi
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resistance. The Bonferroni-corrected 5% and %1 significance thresholds in negative
logarithmic scale are indicated by the horizontal green and red lines, respectively.
For D. helianthi, a total of 458 SNPs representing 283 LD blocks were detected
above the Bonferroni threshold for resistance to the fungus and were located on
Chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 15, 16, and 17 (Figure 3.2). Out of 458
SNPs, 30 were overlapping with D. gulyae and 39 with field experiment (Figure 3.3). The
region containing the highest density of significant SNPs (12 SNPs) was located on
Chr12:1099961..1109655. (Figure 3.2). The SNPs with highest effect size were located on
chromosome 16 and 4. These SNPs resulted in 10 QTLs across six chromosomes (3, 8, 9,
11, 12, 16) that were common between the D. gulyae and D. helianthi, and the highest
density (3 QTLs) was on chromosome 11.

Figure 3.2. Manhattan plot for GWAS on Phomopsis stem canker disease severity caused
by D. helianthi on a set of 213 cultivated sunflower inbred lines from the USDA
collection. The LOD (7 -log10(P)) scores from a genome-wide scan are plotted against the
positions of each of the SNPs on 17 sunflower chromosomes. On the plot, each gray and
blue dot above the threshold line (green) indicates a SNP significantly associated with D.
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helianthi resistance. The Bonferroni-corrected 5% and %1 significance thresholds in
negative logarithmic scale are indicated by the horizontal green and red lines,
respectively.

Figure 3.3. Venn diagram of SNPs overlapping between Diaporthe helianthi, Diaporthe
gulyae and field experiments.
Linkage disequilibrium analysis and gene discovery. For D. gulyae, 66 genes were
identified within these loci and 10 candidate genes were selected by their biological
function,

for

example

disease

resistance

protein

RPVI

isoform

X1

gene

Ha412HOChr04g0150291 and Ha412HOChr04g0150301 (Table 3.2). Out of 66 genes, 22
were overlapping with D. helianthi, and 9 genes were overlapping with field experiment
(Figure 3.4). For D. helianthi, 189 genes were identified within these loci and 11 candidate
genes were selected by their biological function (Table 3.2), for example disease resistance
protein

RPVI

isoform

X1

geneHa412HOChr04g0150221.

Four

genes

(Ha412HOChr09g0421111, Ha412HOChr11g0525621, Ha412HOChr03g0143641, and
Ha412HOChr12g0549821) were significant associated with both D. helianthi and D.

74

gulyae. Out of 189 genes significantly associated with D. helianthi resistance, 22 were
overlapping with D. gulyae, and 17 genes were overlapping with field experiment (Figure
3.4).

Figure 3.4. Venn diagram of genes overlapping between Diaporthe helianthi, Diaporthe
gulyae and field experiments.

Chra
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D. gulyae

D. helianthi
D. gulyae

D. gulyae

D. gulyae

D. helianthi

D. gulyae

D. gulyae

D. helianthi
D. gulyae

D. helianthi

D. helianthi
D. gulyae

D. helianthi

D. gulyae

LD
block
stop
13275
2166
17954
8104
14223
466
14239
597
13631
896
41520
022
18090
3120
18555
3366
12470
3861
18291
4465
15760
0891
35610
005

LD
block
start

13275
2166
17954
8104
14218
033
14239
597
13631
896
41520
022
18090
3120
18555
3366
12470
3205
18291
4465
15759
6956
35610
005
0.001

3.936

0.001

0.657

0.001

0.001

0.001

0.001

0.001

5.434

0.001

0.001

LD
block
size
(KB)

Ha412HOChr12g0549821

Ha412HOChr11g0518081

Ha412HOChr11g0525621

Ha412HOChr09g0398031

Ha412HOChr09g0421111

Ha412HOChr09g0418981

Ha412HOChr08g0344501

Ha412HOChr04g0150221

Ha412HOChr04g0150301

Ha412HOChr04g0150291

Ha412HOChr03g0143641

Ha412HOChr03g0122611

Helianthus annuus geneb

discovery for D. helianthi and D. gulyae.

99
99
99
99

putative protein kinase RLK-Pelle-LRR-I1 family
B-box zinc finger protein 24
G-type lectin S-receptor-like
serine/threonine-protein kinase At1g34300
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probable LRR receptor-like
serine/threonine-protein kinase At4g36180

serine/threonine-protein kinase STY13

97

putative transcription factor ARF family

99

98

disease resistance protein RPV1 isoform
X1

F-box/kelch-repeat protein At1g74510

97

93

64

99

Query
cover (%)

disease resistance protein RPV1

plant intracellular Ras-group-related LRR
protein 6
probably inactive leucine-rich repeat
receptor-like protein kinase At2g25790
disease resistance protein RPV1 isoform
X1

Biological function descriptionc

794

241

1379

351

434

1104

413

1143

927

1143

973

582

Length

0/794

0/241

26/13
33

0/351

0/434

0/110
4

0/404

60/11
48

XP_021997439.1

XP_021994137.1

KAF5783835.1

XP_021982339.1

XP_021983902.1

XP_021983784.1

KAF5794981.1

XP_022033829.1

XP_021979451.1

XP_022033829.1

7/108
9
6/454

XP_022034685.1

XP_022028714.1

Accession ID

4/973

0/582

Gaps

Table 3.2. List of linkage disequilibrium (LD) blocks from Efficient Mixed-Model Association Expedited and gene

75

13

13

16

16

16

D. helianthi

D. helianthi

D. gulyae

D. helianthi

D. helianthi

LD
block
stop
35610
005
17279
6144

17239
4539
19022
0243
32677
999
30374
089

LD
block
start

35606
848

17279
6144

17239
4539
19022
0243
32673
138
30374
089
Ha412HOChr16g0757301

Ha412HOChr16g0758001

Ha412HOChr16g0793161

Ha412HOChr13g0631551

Ha412HOChr13g0631741

Ha412HOChr12g0549821

Helianthus annuus geneb

91

90

probable receptor-like serine/threonineprotein kinase At4g34500

99

99

99

99

Query
cover (%)

probable WRKY transcription factor 31

G-type lectin S-receptor-like
serine/threonine-protein kinase At1g34300
putative P-loop containing nucleoside
triphosphate hydrolase, LRR domain
superfamily
probable leucine-rich repeat receptor-like
protein kinase At5g63930
putative transcription factor & chromatin
remodeling JUMONJI family

Biological function descriptionc

0/466

0/543

0/590

2/694

66/12
23

0/794

Gaps

XP_022015621.1

XP_022016370.1

KAF5761690.1

XP_022002874.1

KAF5775782.1

XP_021997439.1

Accession ID

center for biotechnology information (NCBI). Gene families with known biological function related to disease

466

590

590

692

1368

794

Length

genes within a range of 5kb of the clump area in the HA412HO.v2 gene annotation.

0.001

4.862

0.001

0.001

0.001

3.158

LD
block
size
(KB)

resistance based on Blastp. https://www.ncbi.nlm.nih.gov/.

cNational

bCo-locating

sunflower chromosome.

12

D. helianthi

aChr,

Chra

Diaporthe
species

76

77

QTL ancestry analysis. Phylogenetic analysis of resistant versus susceptible regions
showed that while a single allele often contributed to resistance (Figure 3.5, panel b, d, and
f), in an approximately equal number of cases, two different alleles contribute to resistance
at a locus (e.g., Figure 3.5, panels a and e). Most of the resistance alleles derive from
landraces rather than introgression with wild species, although one of the resistance alleles
on chromosome 2 (Ha412HOChr02:8926238-8937543; Figure 3.5, panel a) appears be
introgressed from wild H. annuus.

Figure 3.5. Neighbor-joining trees of resistance QTLs (a) Ha412HOChr02:89262388937543, (b) Ha412HOChr02:8952921-8968515, (c) Ha412HOChr03:9740200-9751125,
(d) Ha412HOChr04:195231661-195242265, (e) Ha412HOChr09:125187993-125198128,
(f) Ha412HOChr10:185266769-185279886, (g) Ha412HOChr11:162539398-162551266.
Samples with the highest (Accession - High) and lowest (Accession - Low) effect scores
were chosen. Only QTL > 10kb were included for the analysis.
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Discussion
The prevalence of Phomopsis stem canker has increased since 2010 possibly due
to the increase in precipitation in the U.S. states of Minnesota, North Dakota and South
Dakota (Gulya et al. 2019; Hulke et al. 2019). Management of Phomopsis stem canker is
limited to the use of Quinone outside inhibitor (QoI) fungicides (Fungicide Resistance
Action Committee group 11) and commercial hybrids with partial resistance to the causal
fungi. In this study, we screened 213 cultivated USDA sunflower accessions in the
greenhouse using a single isolate of D. gulyae and D. helianthi. Of the 213 accessions, 39
were significantly less susceptible when compared to ‘HA 288’ to D. gulyae isolate, and
the correlation between the RTEs from the D. helianthi and D. gulyae experiments was not
significant (r=0.10, p=0.12). Upon performing GWAS analyses, 102 QTLs located on 15
sunflower chromosomes were significantly associated with resistance to D. gulyae, 283
QTLs significantly associated with D. helianthi resistance were located on 15
chromosomes, 28 overlapping regions and 30 SNPs were common between the two fungi.
This study provides information of resistant parental materials and makers flanking
resistance to D. gulyae and D. helianthi, which will facilitate marker-assisted selection in
future breeding and development of varieties for resistance to the causal fungi.
Typically, sunflower germplasm is screened for resistance to disease causing
pathogens under natural infection for multiple locations and years. However, field
screening may not provide an indication of the extent to which individual species of
Diaporthe can affect the susceptibility of the genotypes since other factors (e.g.,
environment, abiotic, biotic) can interact with the genetic background of the genotypes and
affect the genotype performance. Moreover, difference in virulence among strains and
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species of Diaporthe is known to occur and multiple species of Diaporthe can cause disease
on sunflower (Mathew et al. 2015; Thompson et al. 2011). Among the 39 accessions with
significant resistance, PI 561918, PI 599782, and PI 633745 showed resistance at a field
site with natural inoculum of the fungi causing Phomopsis stem canker (data not published)
(Table 3.1). However, the correlations between the RTEs from the D. gulyae and the field
experiments (r=0.13, p=0.55) and between the RTEs from the D. helianthi and the field
experiments (r=0.24, p < 0.0004) were weak. This suggests that other species of Diaporthe
could have infected the plants, or a wide distribution of susceptible and resistance reactions
occurred among the genotypes. From these observations, it appears that the relationship of
greenhouse and field phenotyping evaluations depends on the growth stage [R1 (miniature
floral head formation) in the greenhouse and R7 (back of the head is turning pale yellow
to back of the head is yellow but the bracts remain green) in the field], inoculation methods
(ascospores are the primary inoculum in field evaluation vs. mycelial plug in the
greenhouse experiment), plant material (genetically heterogeneous; Casañas et al. 2017),
and the interaction of the genotypes with factors such as environmental variation that is
present in the field, but absent during greenhouse evaluations. Regardless, we attribute the
variation in susceptibility of accessions to D. gulyae and D. helianthi to genetic causes
(particularly when the plants were inoculated at the same growth stage and grown under
the same conditions) and hence the disease severity data was used for GWAS analyses. In
addition, the resistant accessions determined from the greenhouse and field experiments,
depending on their agronomic traits and yield performance, can be used as parental
materials or elite lines in future sunflower improvement programs.
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We used previously generated whole genome sequences to identify a large number
of SNP markers (3,647,583) and genotype the cultivated sunflower germplasm for
subsequent GWAS. For SNP calling, we aligned the sequence reads to the HA412-HOv2
assembly, which is more accurately scaffolded than earlier versions and offers more
complete coverage of the genome (Todesco et al. 2020). Using GWAS, our study identified
six genomic regions (Chr 2, 3, 8, 11, 13, 17) associated with resistance to D. helianthi in
common with the study by Pogoda et al. (2020), in which 218 cultivated accessions were
screened to D. helianthi under natural infection in the field, and only four accessions (PI
507894, PI 600723, PI 650794, and PI650817) were common with the population used in
our study (Figure 3.6).

Figure 3.6. Manhattan plot for GWAS on Phomopsis stem canker disease severity caused
by D. helianthi and D. gulyae on a set of 213 cultivated sunflower inbred lines from the
USDA collection. The LOD scores from a genome-wide scan are plotted against the
positions of each of the SNPs on 17 chromosomes. On the plot, each dot signifies a SNP.
Green dots are SNPs significantly associated with D. gulyae resistance and yellow dots
are SNPs significantly associated with D. helianthi resistance. The significance
threshold is 7.310691 (Bonferroni-corrected 5% in negative logarithmic scale). Only
positions with -log10 P > the threshold are plotted. Results from Pogoda et al. (2021)
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study results are included on the graph, where the vertical brown bar represents regions
associated with Phomopsis stem canker and vertical blue bars indicates regions
associated with Sclerotinia resistance.
Although the study by Pogoda et al. (2020) did not have D. gulyae inoculation
under natural conditions, our study identified five genomic regions (Chr 2, 3, 9, 11, 13)
associated with resistance to D. gulyae in common with their study and our D. helianthi
study. Furthermore, the Pogoda et al. (2020) study identified seven QTLs across seven
chromosomes (2, 3, 7, 9, 10, 11, 13) that were significantly associated with resistance to
D. helianthi. In comparison, our study identified 102 QTLs across 15 chromosomes (1, 2,
3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 15, 16, 17) associated with resistance to D. helianthi, and 283
QTLs located on 15 chromosomes (1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 14, 15, 16) for D.
gulyae. The difference in the number of QTLs between the two studies can be attributed in
part to differences in the accessions used for disease screening, as well as the greater power
in the present study due to reduced environmental variation in the greenhouse compared to
the field.
We identified a total of 17 genes with known biological functions that may be
associated pathogen resistance (Table 3.2), among which 10 genes were associated with D.
gulyae

and

11

genes

with

D.

helianthi.

Ha412HOChr09g0421111,

Ha412HOChr11g0525621, Ha412HOChr03g0143641, and Ha412HOChr12g0549821
were associated with both D. helianthi and D. gulyae. There were three genes on
chromosome

4

(Ha412HOChr04g0150291,

Ha412HOChr04g0150301,

and

Ha412HOChr04g0150221) that represent isoforms of disease resistance protein RPVI (9398% similarity), which has been implicated to confer resistance to the organisms causing
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powdery and downy mildew of cultivated grapevine (Vitis vinifera) by promoting cell
death (Williams et al. 2016, Feechan et al. 2013). Two (Ha412HOChr08g0344501
Ha412HOChr16g0793161DG) genes from transcription factor family were associated with
D. gulyae resistance on chromosome 8 and 16. Ha412HOChr16g0758001 belongs to
WRKY transcription factors family and was associated with D. helianthi resistance on
chromosome 16. WRKY transcription factors have been reported to be partially involved
in host resistance against both biotrophic and necrotrophic pathogens (Hu et al. 2012; Jiang
et al. 2017) and are required for hypersensitive response R-gene mediated pathogen
resistance (Knoth et al. 2007).
Additionally, the WRKY genes were found to play an important role in regulating
stress associated with polyethylene glycol and salt as well as potentially to confer resistance
against the parasitic weed, Orobanche cumana (sunflower broomrape) (Li et al. 2020). Ten
candidate genes discovered belong to the large Leucine-rich repeat (LRR) receptor-like
serine/threonine-protein kinase family that are involved in signal identification and
response through LRR structures (Afzal et al. 2008); these LRR proteins allow plants to
detect and ward off infection by pathogens (DeYoung and Innes 2006; Tameling and
Joosten 2007). Five genes (Ha412HOChr03g0122611, Ha412HOChr03g0143641,
Ha412HOChr09g041898, Ha412HOChr11g0525621, Ha412HOChr12g0549821) from
LRR family were related with D. gulyae resistance located on chromosomes 3, 9, 11, and
12,

and

six

genes

(Ha412HOChr03g0143641,

Ha412HOChr11g0525621,

Ha412HOChr12g0549821,

Ha412HOChr13g0631741,

Ha412HOChr13g0631551,

Ha412HOChr16g0757301) were associated with D. helianthi resistance located on
chromosomes 3, 11, 12, 13 and 16. Ha412HOChr11g0518081 gene belong to the zinc
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finger protein family and was associated with

D. helianthi resistance located on

chromosome 11. Genes with zinc finger proteins are involved in several activities of plant
growth and are known to regulate resistance mechanism for many biotic and abiotic
stresses (Gupta et al. 2012). One gene (Ha412HOChr09g0421111) from the F-box/kelch
family was associated with D. helianthi and D. gulyae resistance located on chromosome
9. The F-box proteins have been reported to play roles in plant responses to biotic/abiotic
stresses. For example, in wheat, TaAFR proteins are expressed most abundantly in the
leaves and play expression response to leaf rust (Wei et al. 2021).
In summary, using GWAS for resistance of 213 accessions to D. gulyae and D.
helianthi, we identified 102 QTLs for D. gulyae, 283 QTLs for D. helianthi, and 17
candidate genes expressing resistance for both pathogens in sunflower. Because the
cultivated sunflower germplasm is genetically diverse and has a low population structure
(Mandel et al. 2011), we expect that the QTLs identified in this research may be applicable
to a wide range of crop diversity, which may be adapted to local environmental conditions,
farmer’s preference, and pathogen strains. We also identified candidate genes for resistance
to D. gulyae and D. helianthi from the same gene families (transcription factors, plant
defense molecule receptors, and pathogens sensing) discovered in Pogoda et al. (2020)
study, with homology to genes known to be important for similar pathogen resistance in
model systems. There was little evidence that introgressions from wild species play an
important role in resistance to D. gulyae and D. helianthi. This differs from a recent study
of downy mildew resistance in sunflower, in which 3 of 7 resistance QTLs were derived
from wild introgressions (Hübner et al. 2019). However, there is a long history of using
wild relatives to breed for resistance to downy mildew (Zimmer and Kinman 1972; Miller
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and Gulya 1991; Rahim et al. 2002), but not for Phomopsis stem canker, which likely
accounts for this difference. Arguably more surprising was our finding that multiple
different alleles appear to contribute to resistance at approximately half of the resistance
QTL we analyzed. Possibly, the mutation(s) that confer resistance pre-date the divergence
of alleles. Alternatively, there may be different ways to achieve resistance. This could
occur via different alleles at the same gene or (more likely) by different genes within a
QTL region.

However, fine-mapping and functional analyses will be required to

distinguish between these hypotheses. Additionally, since studies by Viguie et al. (1999)
suggest a possible significant interaction between isolates of D. helianthi and sunflower
genotypes, and the possibility exists for D. gulyae, it is important to consider a mixture of
isolates with varying levels for aggressiveness to screen for disease resistance in the
greenhouse and validate for resistance in the field under natural infection in future studies.
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CHAPTER 4. Effectiveness of Foliar Fungicides Against Phomopsis stem canker in
Sunflower (Helianthus annuus L.)
Abstract
Phomopsis stem canker caused by Diaporthe species is known to reduce sunflower
yield (Helianthus annuus L.) up to 40% in commercial fields. In the United States, the
disease prevalence has increased from 1.5% to 61.0% from 2001 to 2015 in the states of
North Dakota, South Dakota, and Minnesota, where more than 80% of sunflower
production takes place in the country. To manage diseases of sunflower in the U. S., foliar
fungicides labeled for sunflower belong to three FRAC (Fungicide Resistance Committee
Action) groups: FRAC 3 (DeMethylation Inhibitors), FRAC 7 (Succinate DeHydrogenase
Inhibitors), and FRAC 11 (Quinone Outside Inhibitors) are used. In the current study, a
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field experiment was carried out in 2019, 2020, and 2021, in Brookings, SD, to evaluate
the efficacy of foliar fungicides containing single and multiple mode of action against
Phomopsis stem canker at R1 (miniature floral head formation) growth stage of sunflower
development. The field trial was arranged in a randomized complete block design with four
replications for each treatment containing 18 treatments (14 fungicides and non-treated
control) in 2019, and 14 treatments (7 fungicides and non-treated control) in 2020 and
2021. Phomopsis stem canker disease severity data was collected when sunflower plants
were at R7-R8 (the back of the head turning pale yellow to yellow) selecting ten random
plants per plot using a 0 to 5 rating scale. Disease severity rating collected from each plot
was transformed to disease severity index (DSI). The results from 2019 showed that a
single application of Mefentrifluconazole + Pyraclostrobin reduced DSI by 26.9% and had
a yield increase of 430.4 kg/ha greater than nontreated control, resulting in 373 kg/ha
($156.6/ha) for oil type and for non-oil type 384.7 kg/ha ($188.5/ha) profit using the oil
type sunflower ($0.42/kg) and non-oil ($0.49/kg) prices in 2019, the net return results
suggest that a single application of foliar fungicides containing QoI mode of action may be
profitable and effective against Phomopsis stem canker.
Introduction
Phomopsis stem canker is a major threat for sunflower (Helianthus annuus L.)
production worldwide (Harveson et al. 2016). Yield losses of up to 40% and oil content
reduction by 20% have been reported during outbreaks in the sunflower commercial fields
(Mathew et al. 2015; Debaeke and Moinard 2010; Aćimović 1986). In the United States,
the prevalence of Phomopsis stem canker has increased from 2002 to 2015 in the U.S.
states of Minnesota, North Dakota, South Dakota and Nebraska (Gulya et al. 2019). A
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major factor contributing to Phomopsis stem canker prevalence increase would be
precipitation. Additionally, species of Diaporthe have been reported to infect soybean and
kochia (Kochia scoparia L.). For example, soybean containing Roundup Ready ®
technology is widely planted in the major sunflower states (North Dakota, South Dakota,
and Minnesota), the failure to control kochia and soybean acreage expand the area of
inoculum production contributing to the prevalence increase (Hulke et al. 2019). The
disease is caused by several species of Diaporthe, of which D. helianthi Munt.-Cvetk. et
al., and D. gulyae Shivas et al. are predominant in the United States, more specifically, in
the states of North Dakota, South Dakota, Nebraska, and Minnesota (Elverson et al. 2020).
Species of Diaporthe overwinters as perithecia or mycelium on crop debris.
Ascospores, produced by perithecia, are carried by the wind or splashed by rain onto
sunflower leaves and initiates the fungal infection on the margin of the lower leaves.
Continuous rainfall and temperature around 20-25C are required for leaf lesions to
become visible in 20 to 25 days after the ascospores infection. The infection development
starts on the lower leaves when the relative moisture in the canopy is greater than 90% for
36 hours. The infection progresses internally through the leaf and petiole reaching the stem,
damaging the xylem and phloem tissues resulting in wilted and lodged plants (Mathew et
al. 2018).
Management strategies for Phomopsis stem canker are limited in the U. S. to crop
rotation of two to four years, tillage, and weed control. Foliar fungicides have been
demonstrated to reduce the incidence and severity of Phomopsis stem canker. As examples,
Olson (2017) evaluated the effects of an integrated approach for Phomopsis stem canker
of sunflower using foliar fungicides application timings integrated with sunflower hybrid
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having different levels of resistance , and a single application of pyraclostrobin at R1 to R3
(the terminal bud forms a miniature floral head rather than a cluster of leaves – the
immature bud elongates 0.5 to 2.0 cm above the nearest leaf) growth stage protected yield
and reduced the disease incidence by 8.2 to 21.7% on susceptible hybrid and 3.8 to 5.6%
on partially resistant hybrid when compared with non-treated control. Debaeke et al. (2003)
evaluated the effects of using hybrids with different levels of resistance, different sowing
date, fertilizer rates, plant density, irrigation and fungicides application on the incidence of
Phomopsis stem canker. The results showed drought, late sowing, fungicide application
and resistant genotypes can reduce the incidence of Phomopsis stem canker. A yield
increase from 290 to 530 kg/ha and lower disease incidence was observed on treatments
containing fungicides, carbendazim + flusilazole, and fenpropimorph + mancozeb +
carbendazim. Tsialtas et al. (2017) tested the effect of pyraclostrobin application of 100,
150, and 200 g ai ha -1 at V6 (six true leaves) growth stage, one treatment with 100 g ai ha
-1

at V6 and 100 g ai ha -1 at R1 growth stage, and a single application of 200 g ai ha -1 at

R1 growth stage. The highest yield was observed with two applications of pyraclostrobin,
100 g ai ha

-1

at V6 (six true leaves) and R1 growth stages. The lowest Phomopsis stem

canker incidence was the treatment with a single application of pyraclostrobin (200 g ai ha
-1)

at R1 growth stage.
In the United States, foliar fungicides used for managing sunflower diseases belong

to three Fungicide Resistance Action Committee (FRAC) groups, FRAC 3 [Demethylation
inhibitors (DMI)], FRAC 7 (Succinate dehydrogenase inhibitors (SDHI)], and FRAC 11
[Quinone outside inhibitors (QoI)]. Among the fungicide groups, DMI fungicides inhibit
the enzyme responsible for sterol production resulting in abnormal fungal growth. These
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chemicals are locally systemic, have curative activity and are not effective on spore
germination (Mueller et al. 2013). Succinate dehydrogenase inhibitors fungicides inhibit
mitochondrial respiration at the succinate dehydrogenase enzyme blocking energy
production. These fungicides are locally systemic, exhibit translaminar movement,
effective on germinating spores and early fungal growth (Mueller et al. 2013). Quinone
outside inhibitors inhibit mitochondrial respiration at the quinone outside binding site of
the cytochrome bc1 complex of the fungus. These fungicides are systemic, exhibit
translaminar movement and effective against germinating spores (Mueller et al. 2013).
Currently, sunflower hybrids with complete resistance to Phomopsis stem canker are
not available in the market and fungicide application have been reported to reduce disease
incidence and protect yield (Olson 2017; Debaeke et al. 2003). In the current study, we
evaluated the efficacy of fungicides containing single and multiple mode of action
(Demethylation inhibitor, Succinate dehydrogenase inhibitor, and Quinone outside
inhibitor) against Phomopsis stem canker of sunflower at R1 growth stage of sunflower
development. The expected outcome of this study was to identify fungicide efficacy to
develop management strategies for Phomopsis stem canker in sunflower.
Materials and Methods
Field experiments were conducted in 2019, 2020, and 2021 at the South Dakota State
University Agricultural Experiment Station - Felt Family Farm, Brookings, SD, which has
natural inoculum of Phomopsis stem canker. Conventional tillage was performed in the
spring to prepare the field, 1.5 liter per hectare of herbicide Dual II Magnum (Syngenta
Crop Protection, LLC, Greensboro, NC) was applied prior to planting, 292 ml per hectare
of herbicide Raptor (BASF Corporation, Research Triangle Park, NC) was applied at V6
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to V8 (six – eight true leaves) growth stages. Fertilizer was not applied, only in 2020 was
applied 112 kg/ha of nitrogen Urea (46%). The treatments were arranged as randomized
complete block design with four replications and the plot size for each replication was 6
meters long by 3 meters wide with a row spacing of 76 centimeters.
In 2019, an oilseed sunflower hybrid (CHS genetics) susceptible to causal fungi of
Phomopsis stem canker was planted at 44,460 seeds per hectare. The experiment had 18
treatments which includes a non-treated control (Table 4.1). All fungicides were treated
with 1 ml/liter of a non-ionic surfactant (INDUCE; Helena Chemical Company,
Collierville, TN) and applied once at R1 growth stage at a water volume of 280 l/ha using
a CO2 powered backpack sprayer (Model T4, R&D Sprayers, Opelousas, LA), which was
equipped with a 1.5-meter boom equipped with four TeeJet (Spraying Systems Co.,
Wheaton, IL) flat fan nozzle tips spaced at twenty inches apart and sprayed at 275790
pascals. In 2020 and 2021, an oilseed hybrid (Nuseed genetics, N4HM354) and susceptible
to Phomopsis stem canker was planted at a seeding rate of 44,460 seeds per hectare. The
experiment contained 11 treatments using seven fungicides and a non-treated control
(Table 4.1). All fungicides were mixed with 1 ml/liter of NIS (Precision Laboratories,
Waukegan, IL) and sprayed at the labelled rate at a water volume of 280 l/ha using a
highboy sprayer targeting the middle two rows of each plot at R1 growth stage. The
application speed was at 3 km/h, boom height was 1.3 meters above the canopy using
TeeJet (Spraying Systems Co., Wheaton, IL) flat fan nozzle tips at 275790 pascals.
Table 4.1. Details of fungicides used in the field study to test the efficacy of fungicides
against Phomopsis stem canker in 2019, 2020, and 2021.

99

Active Ingredient

Commercial namea

FRAC
groupb

Rate
(ml/ha)

Year
tested

Tebuconazole

Folicur

3

118.29

2020, 2021

Mefentrifluconazole

Provysol

3

103.51

2019

Mefentrifluconazole

Provysol

3

147.87

2019

Boscalid

Endura

7

266.16

2020, 2021

Pyraclostrobin

Headline

11

177.44

2019,
2020, 2021

Picoxystrobin

Aproach

11

177.44

2019

Azoxystrobin

Quadris

11

177.44

2019

Kresoxim-methyl

Sovran

11

94.64

2019

Flutriafol + Bixafen

Lucento

3+7

147.87

2019

Tetraconazole +
Fluozastrobin

Zolera

3+11

130.12

2019

Cyproconazole +
Picoxystrobin

Aproach Prima

3+11

201.10

2019,
2020, 2021

Fluopyram + Pyrimethanil

Luna

7+9

266.16

2019

Fluopyram + Pyrimethanil

Luna

7+9

378.54

2019

Fluxapyroxad +
Pyraclostrobin

Priaxor

7+11

118.29

2019,
2020, 2021

Propiconazole +
Pydiflumetofen +
Azoxystrobin

Miravis

3+7+11

405.16

2019,
2020, 2021

Benzovindiflupyr +
Azoxystrobin +
Propiconazole

Trivapro

3+7+11

405.16

2019,
2020, 2021

Mefentrifluconazole +
Pyraclostrobin

Veltyma

3+11

207.01

2019

Mefentrifluconazole +
Pyraclostrobin

Veltyma

3+11

295.74

2019

Mefentrifluconazole +
Fluzaryroxad +
Pyraclostrobin

Revytek

3+7+11

236.59

2019
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Active Ingredient

Commercial namea

FRAC
groupb

Rate
(ml/ha)

Year
tested

Mefentrifluconazole +
Fluzaryroxad +
Pyraclostrobin

Revytek

3+7+11

295.74

2019

Tebuconazole + Boscalid
(Tank mix)

Folicur + Edura

3+7

118.29+
2020, 2021
266.16

Tebuconazole +
Pyraclostrobin (Tank mix)

Folicur + Headline

3+11

118.29+
2020, 2021
177.44

Boscalid + Pyraclostrobin
177.44+
Endura + Headline
7+11
2020, 2021
(Tank mix)
266.16
aAproach and Aproach Prima (DuPont, Chestnut Run Plaza, Wilmington, DE); Headline,
Sovran, Provysol, Endura, Veltyma, Priaxor, and Revytek (BASF Corporation, Research
Triangle Park, NC); Quadris, Trivapro, and Miravis (Syngenta Crop Protection, LLC,
Greensboro, NC); Folicur and Luna Experience (Bayer CropScience, RTP, NC); Zolera
(Arysta LifeScience North America, LLC. Cary, NC); Lucento (FMC Corporation,
Philadelphia, PA).
bFrac

groups: 3 = DeMethylation inhibitors; 7 = Succinate dehydrogenase inhibitors; 9

Anilino pyrimidines; 11 = Quinone inside inhibitors.
Between R7 to R8 (back of head turning pale yellow to yellow) growth stages,
Phomopsis stem canker severity was assessed on 10 plants that were randomly selected
from the two middle rows of the four-row plots and rated using a 0-to-5 disease rating
scale, where 0 = no discoloration; 1 = low level discoloration at the inoculation site; 2 =
slight discoloration or lesion 1 to 2 mm in length; 3 = necrotic lesion 2 to 5 mm in length,
some colored stem streaking, leaf wilting, and twisting; 4 = lesion 5 to 10 mm in length,
significant necrosis and dark colored stem streaking, leaf and plant wilting, twisting,
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stunting, and some lodging; and 5 = lesion exceeding 10 mm in length, severe leaf necrosis,
lodging or plant death (Mathew et al. 2015; Thompson et at. 2011).
Disease severity rating collected from each plot was transformed to disease severity
(𝑃×𝑄)

index (DSI) using the formula DSI (%) = ∑ {(𝑀×𝑁) × 100} where, P = class frequency, Q
= score of rating class, M = total number of plants and N = maximal disease index (Chiang
et al. 2017). At R9 growth stage (physiological maturity), the two middle rows of each plot
were harvested and adjusted to 10% moisture content to calculate the yield (Duffeck et al.
2020). Both the DSI and yield data were analyzed separately for each year using analysis
of variance (ANOVA) in R studio (v4.1.1; https://www.rstudio.com/). Treatment means
were compared using Fisher’s least significance difference (LSD) test (α = 0.05) using
agricolae package (deMendiburu, 2016), and the correlations among DSI and yield was
determined with Pearson’s correlation coefficient in R studio.
To determine the effect of fungicides application on economic benefit, profitability
was estimated in U. S. dollars (USD) of sunflower grain price in the United States and
Headline (pyraclostrobin, BASF, Research Triangle Park, NC) was $33.8/liter, Veltyma
(Mefentrifluconazole + Pyraclostrobin, BASF, Research Triangle Park, NC) was
$94.8/liter, and Aproach Prima (Cyproconazole + Picoxystrobin, DuPont, Chestnut Run
Plaza, Wilmington, DE) was $68.40/liter. The sunflower price of oil-type and non-oil type
of 2019, 2020, and 2021 were obtained from the United States department of Agriculture,
National Agricultural Statistics Service crop value report. Fungicides application
(machinery and labor) cost for ground applications were $16.7/ha (South Dakota Oilseeds
Council, personal communication). The profitability was calculated by determining the
relative sunflower yield [yield of treatment (kg/ha) – yield of nontreated control (kg/ha)]
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for fungicide treatment significantly different than nontreated control. Net return was
calculated [ sunflower yield response (kg/ha) x sunflower market price ($/kg)] – [ fungicide
cost ($/ha) + application cost ($/ha)] (Bradley et al. 2020).
Results
Weather conditions were favorable for Phomopsis stem canker development and
disease pressure was present on the experimental site (Felt farm, Brookings, SD) (Table
4.2), and DSI of nontreated control varied from 53.5% to 92.5% (Table 4.3 and 4.4).
Weather variables were obtained from Mesonet (mesonet.sdstate.edu) during the growing
season (June – October) of 2019, 2020, and 2021. The values for temperature, humidity,
and precipitation have been averaged for each month (Table 4.2).
Table 4.2. Weather data for Brookings, SD in 2019, 2020, and 2021.
Year

2019

2020

2021

Month
June
July
August
September
October
Average/totalc
June
July
August
September
October
Average/totalc
June
July
August
September
October
Average/totalc

Temperature (℃)a
19.63
21.81
19.33
17.57
6.79
17.03
21.98
23.02
22.24
15.11
4.93
17.45
23.10
22.84
21.99
17.57
10.59
19.22

Humidity (%)a
69.83
78.65
78.64
81.51
81.34
77.994
67.03
75.99
71.82
68.73
67.68
70.25
53.75
70.67
70.35
68.97
75.32
67.812

Precipitation (mm) b
79.25
161.54
78.49
159.51
48.77
527.56
79.502
101.854
43.434
24.13
22.86
271.78
18.288
64.008
36.068
82.042
88.646
289.052
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aTemperature

and humidity values are the average monthly during the growing season.

bPrecipitation

values are the total amount monthly during the growing season.

cTemperature

and humidity average, and total precipitation of the growing season.

In 2019, fungicides containing FRAC 11 was observed to reduce Phomopsis stem
canker severity and protect sunflower yield. A significant effect of fungicides application
was observed on DSI (p=2.59x10-16) and sunflower yield (p<0.00698). A single application
of Pyraclostrobin, Picoxystrobin, Cyproconazole + Picoxystrobin, Fluxapyroxad +
Pyraclostrobin, Propiconazole + Pydiflumetofen + Azoxystrobin, Mefentrifluconazole +
Pyraclostrobin, and Mefentrifluconazole + Fluzaryroxad + Pyraclostrobin at R1 growth
stage significantly decrease DSI compared with nontreated control (Table 4.3).
Pyraclostrobin had the lowest DSI (29.37%) compared with nontreated control (92.50%)
and had a yield gain of 227.12 kg/ha of sunflower greater than the nontreated control.
Cyproconazole + Picoxystrobin had a yield gain of 351 kg/ha and Mefentrifluconazole +
Pyraclostrobin had 429.87kg/ha when compared to the nontreated control (Table 4.3). The
correlation between DSI and sunflower yield was negative and significant (r=-0.82;
p=0.001), indicating an increase in Phomopsis stem canker severity was associated with
yield increase.
Table 4.3. Fisher’s least significant difference (LSD) treatment means of disease severity
index (DSI) and sunflower yield for the 2019 experiment.

Active Ingredienta
Pyraclostrobin

Commercial
nameb
NTC
Headline

FRAC
groupc
11

Rate
(ml/ha)d
177.44

DSI (%)e

Yield (Kg/ha)f

92.50 ab
29.37 i

1945.13 de
2172.25 abc
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Active Ingredienta

Commercial
nameb
Aproach
Quadris

Picoxystrobin
Azoxystrobin
Fluxapyroxad +
Priaxor
Pyraclostrobin
Fluopyram +
Luna
Pyrimethanil
Fluopyram +
Luna
Pyrimethanil
Propiconazole +
Miravis
Pydiflumetofen +
NEO
Azoxystrobin
Flutriafol + Bixafen
Lucento
Kresoxim-methyl
Sovran
Tetraconazole +
Zolera FX
Fluozastrobin
Benzovindiflupyr +
Azoxystrobin +
Trivapro
Propiconazole
Cyproconazole +
Aproach
Picoxystrobin
Prima
Mefentrifluconazole
Provysol
Mefentrifluconazole
Provysol
Mefentrifluconazole
Veltyma
+ Pyraclostrobin
Mefentrifluconazole
Veltyma
+ Pyraclostrobin
Mefentrifluconazole
+ Fluzaryroxad +
Revytek
Pyraclostrobin
Mefentrifluconazole
+ Fluzaryroxad +
Revytek
Pyraclostrobin
a
Active ingredient of fungicides listed.
bCommercial

FRAC
groupc
11
11

Rate
(ml/ha)d
177.44
177.44

7+11

118.29

65.00 ef

2062.78 abcd

7+9

266.16

80.62 bcd

1559.57 de

7+9

378.54

86.87 abc

1528.7 de

3+7+11

405.16

76.87 cde 2002.02 abcde

3+7
11

147.87
94.64

88.12 abc
86.25 abc

1518.02 de
1667.36 cde

3+11

130.12

90.62 abc

1524.91 de

3+7+11

405.16

86.87 abc 1782.13 abcde

3+11

201.10

46.87 gh

2296.98 ab

3
3

103.51
147.87

86.87 abc
92.50 ab

1455.43 e
1666.5 cde

3+11

207.01

65.62 def

2375.53 a

3+11

295.74

59.37 fg

2119.59 abcd

3+7+11

236.59

50.62 fg

1968.16 abcde

3+7+11

295.74

33.75 hi

2106.68 abcd

DSI (%)e

Yield (Kg/ha)f

56.87 fg 2022.37 abcde
80.62 bcd 1731.65 bcde

name of fungicides listed: Aproach and Aproach Prima (DuPont, Chestnut

Run Plaza, Wilmington, DE); Headline, Sovran, Provysol, Endura, Veltyma, Priaxor, and
Revytek (BASF Corporation, Research Triangle Park, NC); Quadris, Trivapro, and Miravis
(Syngenta Crop Protection, LLC, Greensboro, NC); Folicur and Luna Experience (Bayer

105

CropScience, RTP, NC); Zolera (Arysta LifeScience North America, LLC. Cary, NC);
Lucento (FMC Corporation, Philadelphia, PA).
cFrac

groups: 3 = DeMethylation inhibitors; 7 = Succinate dehydrogenase inhibitors; 9

Anilino pyrimidines; 11 = Quinone inside inhibitors.
dFungicides

eDSI

rates in milliliters per hectare of fungicides sprayed at R1 growth stage.

(Disease severity index) was calculated for each plot using the formula {[(0*# plants

rated ‘0’) + (1*# plants rated ‘1’) + (2*# plants rated ‘2’) + (3*# plants rated ‘3’) + (4*#
plants rated ‘4’) + (5*# plants rated ‘5’)]*100}.
fSunflower

yield calculated in kilograms per hectare (kg/ha) of grain harvested from the

two middle rows of each plot and adjusted to 10% moisture content (Duffeck et al. 2020).
The profitability was calculated for treatments that had significant greater yield when
compared with the nontreated control, and accordingly with the sunflower price of oil type
sunflower ($0.42/kg) and non-oil ($0.49/kg) (USDA-NASS 2019). The breakeven yield of
sunflower of Headline application for oil type was 80.76 kg/ha and 45.7 kg/ha for non-oil.
The net return of 227.12 kg/ha of sunflower yield greater than nontreated control for ground
application was 146.36 kg/ha ($57.08/ha) for oil type and non-oil 181.42 kg/ha ($88.89/ha).
The breakeven yield of Mefentrifluconazole + Pyraclostrobin application was 57.43kg/ha
for oil type and 45.7kg/ha for non-oil. The net return of 430.4 kg/ha of sunflower yield
greater than nontreated control was 372.97 kg/ha ($156.64/ha) for oil type and for non-oil
type 384.7 kg/ha ($188.5/ha). The breakeven yield of Cyproconazole + Picoxystrobin
application was 77.89 kg/ha for oil type and 62 kg/ha for non-oil. The net return of 351.85
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kg/ha of sunflower yield greater than nontreated control was 273.96 kg/ha ($106.84/ha) for
oil type and for non-oil type 289.85 kg/ha ($142.02/ha).
For the 2020 trial, no significant differences were observed among the nontreated
control and fungicide treatments for DSI (p=0.07) and sunflower yield (p=0.64). Hence,
no further statistical comparison and neither profitability calculations were performed. In
2021, a significant effect of treatments was observed on DSI (p=5.97x10-05) and no
significant differences in yield were observed among treatments (p=0.28). All treatments
containing fungicide had a significantly lower DSI compared with nontreated control. The
tank mix treatment containing Boscalid + Pyraclostrobin had significantly lower DSI (2%)
compared with nontreated control (53.5%) (Table 4.4).
Table 4.4. Fisher’s least significant difference (LSD) treatment means of disease severity
index (DSI) for the 2021 experiment.

Rate
(ml/ha)d
118.29
266.16
177.44

DSI (%)e

NTC
Folicur
Endura
Headline

FRAC
groupc
3
7
11

Aproach Prima

3+11

201.10

18.5 bcd

Priaxor

7+11

118.29

18 bcd

Miravis

3+7+11

405.16

24.5 bc

Trivapro

3+7+11

405.16

19 bcd

Folicur + Headline

3+11

118.29+17
7.44

8.5 de

Active Ingredienta

Commercial nameb

Tebuconazole
Boscalid
Pyraclostrobin
Cyproconazole +
Picoxystrobin
Fluxapyroxad +
Pyraclostrobin
Propiconazole +
Pydiflumetofen +
Azoxystrobin
Benzovindiflupyr +
Azoxystrobin +
Propiconazole
Tebuconazole +
Pyraclostrobin (Tank
mix)

53.5 a
21 bcd
26.5 b
20.5 bcd
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Active Ingredienta

Commercial nameb

Tebuconazole +
Folicur + Endura
Boscalid (Tank mix)
Boscalid +
Pyraclostrobin (Tank Endura + Headline
mix)
aActive ingredient of fungicides listed.
bCommercial

FRAC
groupc
3+7
7+11

Rate
(ml/ha)d
118.29+26
6.16
177.44+26
6.16

DSI (%)e
10 cde
2e

name of fungicides listed: Aproach Prima (DuPont, Chestnut Run Plaza,

Wilmington, DE); Headline, Endura, and Priaxor (BASF Corporation, Research Triangle
Park, NC); Trivapro, and Miravis (Syngenta Crop Protection, LLC, Greensboro, NC);
Folicur (Bayer CropScience, RTP, NC).
cFRAC

groups: 3 = DeMethylation inhibitors; 7 = Succinate dehydrogenase inhibitors; 9

Anilino pyrimidines; 11 = Quinone inside inhibitors.
dFungicides

eDSI

rates in milliliters per hectare of fungicides sprayed at R1 growth stage.

(Disease severity index) was calculated for each plot using the formula {[(0*# plants

rated ‘0’) + (1*# plants rated ‘1’) + (2*# plants rated ‘2’) + (3*# plants rated ‘3’) + (4*#
plants rated ‘4’) + (5*# plants rated ‘5’)]*100}.
Discussion
Phomopsis stem canker is a major threat to sunflower production and yield
reductions of 40% have been reported in the United States (Harveson et al. 2016; Mathew
et al. 2015). The lack of hybrids with complete resistance instigates to evaluate foliar
fungicides application to incorporate use of chemicals as part of the integrated pest
management program. In this study, field experiments were conducted in Brookings, SD
in 2019, 2020, and 2021 to evaluate foliar fungicides application to manage Phomopsis
stem canker in sunflower. Foliar fungicide application containing (QoI and SDHI) mode
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of action had significant effect on both DSI (p=2.59x10-16) and yield (p=0.00698) in 2019,
and DSI in 2021 (p=5.97x10-05). In contrast, foliar application did not provide consistent
significant effect on both sunflower yield (p=0.64) and DSI (p=0.07) in 2020, and on yield
in 2021 (p=0.28). This study provides important information that sunflower producers may
consider when making decisions about foliar fungicide application to manage Phomopsis
stem canker in sunflower.
Use of foliar fungicides is a critical component in managing Phomopsis stem canker
in sunflower. Previous studies of fungicides evaluation have reported disease incidence
reduction and sunflower yield protection. Olson (2017) evaluated management strategies
to manage Phomopsis stem canker in sunflower using fungicides application, application
timing and sunflower hybrids with different levels of resistance to Phomopsis stem canker.
The experiments were conducted at three locations in South Dakota state (Onida,
Highmore, and Brookings) in 2015 and 2016. The treatment with a single application of
Headline at R1 growth stage on susceptible hybrid and partially resisted hybrid reduced
DSI and protected sunflower yield at two locations compared with nontreated control
(Highmore and Brookings) in 2016. In Highmore location, DSI was lower (21.7%) and
yield was greater (570 kg/ha) than nontreated control for susceptible hybrid. However, the
resistant hybrid had lower DSI (5.6%) and had greater yield (1000 kg/ha) than nontreated
control. In Brookings, the susceptible hybrid had lower DSI (7.8%) and greater yield (347
kg/ha) compared with nontreated control, and partially resistant hybrid had lower DSI
(3.8%) and greater yield (116 kg/ha) than nontreated control. Debaeke et al. (2003)
reported greater yield (290 – 530 kg/ha) with treatments containing fungicides
(fenpropimorph, mancozeb, and carbendazim) application at R1 growth stage over no-
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fungicide treatment. Tsialtas et al. (2017) observed Phomopsis stem canker incidence
reduction and greater yield (435 kg/ha) than nontreated control with a single application of
Pyraclostrobin (200 g ai ha -1) at R1 growth stage. In our study, a single application of
Pyraclostrobin at R1 growth stage decreased DSI by 63.13% and provided 227.12 kg/ha of
sunflower greater than nontreated control in 2019 (Table 4.3).
Overall, this study followed the best timing application reported in the previous
studies and was able to evaluate fungicides efficacy against Phomopsis stem canker of
sunflower. The highest net return was observed on treatment with a single application of
Mefentrifluconazole + Pyraclostrobin fungicide at R1 growth stage, the net return of 430.4
kg/ha sunflower yield greater than nontreated control was 372.97 kg/ha ($156.64/ha) for
oil type and for non-oil type 384.7 kg/ha ($188.5/ha). Although the fungicide containing
Mefentrifluconazole + Pyraclostrobin that had the highest yield, other treatment containing
Mefentrifluconazole was not consistent providing significant greater yield than nontreated
control, indicating Pyraclostrobin was consistent having more than one treatment greater
than nontreated control. The treatment containing Mefentrifluconazole + Pyraclostrobin
application had highest net return yield of 372.97 kg/ha ($156.64/ha) for oil type and for
non-oil type 384.7 kg/ha ($188.5/ha). These net return results indicate that farmers can
consider a single application of QoI fungicides, especially if the field has history of
Phomopsis stem canker. However, among the QoI fungicides used in this study, there were
differences in their effectiveness against Phomopsis stem canker, and this may be explained
by the mobility difference that exists between the active ingredients within the QoI group
(Kleczewski et al. 2020). Besides the disease control, QoI can provide growth-promoting

110

effects. For example, QoI application in wheat increase yield gain delaying the leaf
senescence and water-conserving effects (Vincelli, 2002).
The results from the field studies were not consistent among the three years. This was
primarily because the causal agents of Phomopsis stem canker require continuously rainfall
for disease development and progression (Mathew et al. 2018), and the weather variables
recorded for the three years experiments show greater precipitation in 2019 compared with
2020 and 2021 (Table 4.2), implying that weather conditions may have affected the results
in 2020 and 2021. Hence, more field trials should be conducted to evaluate foliar fungicides
application efficacy and profitability for management of Phomopsis stem canker of
sunflower.
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CHAPTER 5. General Conclusions
This dissertation presents information of genetic resistance sources and effective
foliar fungicides against fungi causing Phomopsis stem canker of sunflower conducted
under controlled environment and/or in the field. The specific objectives of the studies were
to (1) screen cultivated sunflower accessions for resistance to D. gulyae at vegetative and
reproductive growth stages (2) perform genome-wide association to identify the resistance
loci associated with Diaporthe helianthi and Diaporthe gulyae (3) evaluate fungicides
efficacy against fungi causing Phomopsis stem canker. Host genetic resistance has been
reported the most economical and effective method to manage Phomopsis stem canker in
sunflower.
To investigate the impact of growth stage on disease severity associated with D.
gulyae resistance, 143 accessions were inoculated at V4 to V6 (four to six true leaves) and
R4 to R6 (beginning of inflorescence to completion of flowering) growth stages with a
single isolate of D. gulyae using the mycelium contact inoculation method. The experiment
was conducted in the greenhouse arranged as a completely randomized design with six
replications per accession and repeated once. Disease severity data caused by D. gulyae
was collected 14 days post-inoculation using a 0 to 5 rating scale and a significant
interaction (p<0.0001) was observed between growth stage and accessions. Out of 143
cultivated sunflower accessions, 27, three, and two accessions were significantly less
susceptible at V4 to V6, R4 to R6, and both growth stages compared to the susceptible
check ‘HA 288’ based on 95% confidence intervals. The fewer number of accessions with
possible resistance to D. gulyae inoculated at R4 to R6 growth stages suggests that distinct
host resistance mechanisms may be co-existing and there is a possibility of developmental
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changes in resistance to D. gulyae in sunflower that is associated with activation and
signaling of upstream and downstream defense‐related genes.
The diverse population consisting of 213 USDA cultivated sunflower accessions
and covering about 70% of the allelic diversity within the sunflower gene pool was
phenotyped in the greenhouse and validated in the field for resistance to D. helianthi and
D. gulyae. At four to six true leaves growth stages, six plants per accession were inoculated
with a single isolate of D. helianthi and D. gulyae using the mycelium-contact inoculation
method. Disease severity was scored 15 days (D. gulyae) and 30 days (D. helianthi) postinoculation using a 0 to 5 rating scale. Thirty-nine accessions were significantly less
susceptible to a single isolate of D. gulyae when compared to ‘HA 288’ (ATS=10.85,
df=1.54, p<0.0001) and no significant effect (ATS=2.16, df=4.12, p=0.06) of accession
was observed on the disease severity caused by D. helianthi. The SNP markers (3,647,583)
data was used to conduct GWAS and 20 common loci were associated with resistance to
D. gulyae and D. helianthi. Seventeen candidate genes with known biological function to
pathogen resistance were discovered and 3 candidates have the disease resistance protein
RPV1 isoform X1, Ha412HOChrg0150291 and Ha412HOChrg0150301 for D. gulyae, and
Ha412HOChrg0150221 for D. helianthi. The identification of sunflower resistant parental
material and markers flanking resistance to D. helianthi and D. gulyae can be exploited in
breeding programs, and disease resistance hybrids can be incorporate into integrated pest
management program for Phomopsis stem canker.
The lack of sunflower hybrid resistant to Phomopsis stem canker induce the use of
foliar fungicide to manage Phomopsis stem canker in sunflower. To develop foliar
fungicides recommendation for farmers, we carried out a field experiment in 2019, 2020,
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and 2021, located in Brookings, SD. In the United States, fungicides registered to manage
disease on sunflower belong to three FRAC (Fungicide Resistance Committee Action)
groups: FRAC 3 (DeMethylation Inhibitors), FRAC 7 (Succinate DeHydrogenase
Inhibitors), and FRAC 11 (Quinone Outside Inhibitors)., to evaluate the efficacy of foliar
fungicides. The field trial was arranged in a randomized complete block design with four
replications for each treatment containing 18 treatments (14 fungicides and non-treated
control) in 2019, and 14 treatments (7 fungicides and non-treated control) in 2020 and
2021. The fungicides were sprayed with a highboy sprayer at R1 (miniature floral head
formation) growth stage of sunflower development. Disease severity rating was collected
from each plot using a 0 to 5 rating scale at R7 to R8 (the back of the head turning pale
yellow to yellow) and transformed to disease severity index (DSI). The results of this study
were not consistent among the three years. However, in 2019, a significant effect of a single
fungicide application at R1 growth stage was observed on Phomopsis stem canker severity
and sunflower yield. The treatment of a single application containing Mefentrifluconazole
+ Pyraclostrobin reduced DSI by 26.88% and yield was 430.4 kg/ha greater than nontreated
control, resulting in 372.97 kg/ha ($156.64/ha) for oil type and for non-oil type 384.7 kg/ha
($188.5/ha) profit using the oil type sunflower ($0.42/kg) and non-oil ($0.49/kg) prices in
2019. These results indicate that a single application of foliar fungicides containing QoI
may be profitable and effective to manage Phomopsis stem canker in the United States.

